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THESIS ABSTRACT 
Arctic sea ice and river run-off contribute to the Transpolar Drift System of the Arctic Ocean 
and affect substantially Arctic and global climate. Given the recent environmental changes in 
the Arctic with drastic sea ice reductions and strongly increasing river run-off, paleo-
environmental investigations are essential to assume prospective impacts resulting from the 
current global warming. The ideal region to observe paleo-sea ice cover and river run-off 
within the Arctic are the Siberian marginal seas where enormous amounts of freshwater are 
drained onto the shelves and sea ice is produced. Therefore, the overall aim of this thesis is 
to examine how sea ice cover, river run-off and biological production (influenced by both 
parameters) varied on the Siberian shelves and if they might have affected the Transpolar 
Drift System during the Deglacial to Holocene.   
To achieve these objectives molecular biomarkers (sea ice biomarker IP25; the phytoplankton 
biomarker-IP25 (PIP25 index); the HBI-diene (highly-branched isoprenoids); brassicasterol and 
dinosterol as indicators for marine organic matter; campesterol and "-sitosterol as indicators 
for terrigenous organic matter), were analyzed on five well-dated, continuous sediment cores 
from the Laptev Sea (Core PS51/154-11, Core PS51/159-10) and Kara Sea (Core BP99-04/7, 
Core BP00-07/7, Core BP00-36/4) shelves. These biomarker records revealed high-resolution 
sea ice, river run-off and biological production variability over the last ~17 and ~12 ka, 
respectively. 
 
During the Deglacial, when the sea level was low, a significantly different environment 
compared to the modern prevailed on the Laptev Sea shelf. The upper continental slope was 
mostly covered with permanent sea ice (probably landfast ice) between 17.2 and 16 ka. In 
addition, river run-off and biological production were extremely restricted. In the course of 
the Holocene transgression the proportion of the organic carbon sources changed on the 
Laptev Sea shelf reflected by a long-term decrease of terrigenous (riverine) organic matter 
and a synchronous increase of marine organic matter from ~16 ka until 7.5 ka. This evolution 
demonstrates the gradual establishment of fully marine conditions on the shelves, caused by 
the post-glacial transgression. In addition, strong environmental alterations during colder 
and warmer phases could be observed on the shelf during the post-glacial period. Cold 
phases with increased sea ice cover as well as decreased biological production and 
diminished river run-off occurred between 17.2 and 16 ka (Deglacial), 15.2 and 11 ka 
(including the Younger Dryas (12.9 - 11.6 ka) with maximum sea ice cover) as well as during 
the last 7 ka (late Holocene). Reduced sea ice cover as well as enhanced river run-off and 
more biological production could be observed between 15.2 and 12.9 ka (including the 
Bølling/Allerød warm period) and between 10 and 8 ka (the Holocene Thermal Maximum 
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with minimum sea ice cover) indicative for warmer phases. Between 15.2 and 12.9 ka, the 
intensive warmer conditions are accompanied by prominent peaks of the DIP25 index (ratio of 
the HBI-diene and IP25). The late Holocene shows a distinct cooling trend but is further 
characterized by a conspicuous short-term variability of the sea ice indicators. 
 
In the central Kara Sea (Core BP00-36/4) maximum sea ice cover could be recorded between 
12.4 and 11.8 ka coinciding with the Younger Dryas cold reversal. Afterwards, a climatic 
amelioration is documented by minimum sea ice conditions between 10 and 8 ka (Holocene 
Thermal Maximum). The sea ice records of Core BP00-07/7 from the southern Kara Sea 
reflect predominantly changes in the fast ice - polynya constellation. During the late 
Holocene expanding fast ice could be observed documenting the cooling trend. Additionally, 
conspicuous (multi-) centennial sea ice variations are notable during the last 6.5 ka, 
consistent with global paleo-climate reconstructions. A cyclic variability of the sea ice 
indicators (~400-, ~950-year and 1500-year cycles) was discovered, but a relation to Arctic 
Oscillation changes, proposed by various studies, could not be constantly identified in these 
records. The southernmost core from the Yenisei Estuary (Core BP99-04/7) recorded 
consistently seasonal sea ice cover since ~9.3 ka, apart from five short phases of permanent 
sea ice cover at ~7.3, 4.8, 4.4, 3.3 and 2 ka, documenting most likely fast ice expansion to the 
core site. The strong influence of river run-off as well as estuary processes might prevent the 
detection of (short-term) climatic signals at this study site.  
 
These studies revealed substantial environmental variations on the shelf, especially in the 
course of the Holocene transgression. Moreover, the environment seems to be more sensible 
when the shelves were flooded, since a conspicuous short-term sea ice variability appeared 
in both study areas during the last ~7 ka. These considerable alterations on the shelf as well 
as the short-term variability probably impacted the Transpolar Drift and further Arctic and 
global climate. 
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ZUSAMMENFASSUNG 
Das arktische Meereis und der Flusseintrag beeinflussen regional das transpolare 
Driftsystem. Darüber hinaus wirken diese Komponenten maßgeblich auf das arktische sowie 
auch auf das globale Klima ein. Die derzeitig im Wandel stehenden Umweltbedingungen 
gehen mit drastischen Meereisverlusten und stark ansteigenden Flusseinträgen in der Arktis 
einher. Daraus wird deutlich, dass Paläo-Umweltrekonstruktionen essentiell sind, um die 
zukünftigen Veränderungen unserer Umwelt, verursacht durch die globale Erwärmung, 
abschätzen zu können. Die ideale Region, um die Meereisbedeckung und den Flusseintrag zu 
rekonstruieren sind die sibirischen Randmeere. Dort werden enorme Mengen Süßwasser von 
gewaltigen Flusssystemen im Hinterland in den angrenzenden Ozean geleitet und 
begünstigen, neben anderen Umweltfaktoren, die Meereisproduktion. Aus diesen Gründen 
lautet die Hauptfragestellung dieser Dissertation, inwiefern sich die Meereisverbreitung, der 
Flusseintrag und die biologische Produktion (welche durch beide Parameter stark beeinflusst 
wird) auf den sibirischen Schelfen während des Deglazials und Holozäns verändert haben. 
Dies soll Aufschluss darüber geben, ob Schwankungen in den Parametern womöglich 
Veränderungen des transpolaren Driftsystems bewirkt haben. 
Um dies zu untersuchen wurden molekulare Biomarker (Meereisbiomarker IP25; 
Phytoplankton Biomarker - IP25 Index (PIP25); HBI-Diene (hochverzweigte Isoprenoide mit 
zwei Doppelbindungen); Brassicasterol und Dinosterol als Anzeiger für marine organische 
Substanzen; Campesterol und !-Sitosterol als Anzeiger für terrigene organische Substanzen) 
an fünf gut datierten sowie kontinuierlichen Sedimentkernen von den Schelfen der 
Laptewsee (PS51/154-11, PS51/159-10) und Karasee (BP99-04/7, BP00-07/7, BP00-36/4) 
analysiert. Diese Biomarker-Datensätze offenbaren eine hochauflösende Variabilität der 
Meereisbedeckung, des Flusseintrags und der biologischen Produktion, jeweils während der 
letzten 17 und 12 ka. 
 
Im Vergleich zu den heutigen Umweltbedingungen auf dem Laptewsee-Schelf lag im 
Deglazial ein differierendes Ökosystem vor. Zu dieser Zeit war der Meeresspiegel bedeutend 
niedriger und die flachen Schelfe waren nicht überflutet. Zwischen 17.2 und 16 ka war der 
obere Kontinentalhang größtenteils von permanentem Meereis bedeckt, wobei der 
Flusseintrag sowie die biologische Produktion extrem verringert waren. Im Verlauf der 
Holozänen Transgression veränderten sich die Anteile der organischen Kohlenstoffquellen 
auf dem Schelf der Laptewsee. Die terrigenen Biomarker nahmen kontinuierlich ab, 
wohingegen die marinen Biomarker zeitgleich von 16 bis 7.5 ka zunahmen. Diese Trends 
beschreiben die Entwicklung hin zu einem marinen Milieu auf dem Schelf als Folge des post-
glazialen Meeresspiegelanstiegs. Zudem konnten in diesem Zeitintervall starke ökologische 
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Veränderungen auf dem Schelf beobachtet werden. Zum einen traten Kaltphasen mit 
vermehrtem Meereis und verringertem Flusseintrag sowie niedriger biologischer Produktion 
zwischen 17.2 und 16 ka (Deglazial), 15.2 und 11 ka (dieser Abschnitt umschließt die Jüngere 
Dryas währenddessen eine maximale Meereisbedeckung rekonstruiert wurde) sowie 
während der letzten 7 ka (spätes Holozän) in Erscheinung. Zum anderen waren während 
zwei Warmphasen, zwischen 15.2 und 12.9 ka (dieser Abschnitt fällt mit der Bølling/Allerød 
Warmphase zusammen) und zwischen 10 und 8 ka (Thermales Maximum des frühen 
Holozäns) die Meereisbedeckung verringert und der Flusseintrag sowie die biologische 
Produktion erhöht. Während der wärmeren Umweltbedingungen von 15.2 bis 12.9 ka, zeigt 
der DIP25 Index (Verhältnis der HBI-Diene und IP25) die höchsten Werte. Das späte Holozän 
zeigt eine deutliche Abkühlung und wird zudem durch klimatisch bedingten, kurzzeitigen 
Phasen extremer Meereisbedeckung charakterisiert. 
 
Eine maximale Meereisverbreitung herrschte in der zentralen Karasee (BP00-36/4) zwischen 
12.4 und 11.8 ka, einhergehend mit der Jüngeren Dryas. Im Anschluss daran, zwischen 10 und 
8 ka, lässt sich eine klimatische Erwärmung mit minimaler Meereisbedeckung verzeichnen 
(Thermales Maximum des frühen Holozäns). Der Meereisdatensatz von Kern BP00-07/7 aus 
der südlichen Karasee spiegelt in erster Linie Veränderungen in der Polynya - Festeis 
Konstellation wider. Eine Festeisausdehnung kann während des späten Holozäns beobachtet 
werden, welche eine generelle Abkühlung dokumentiert. Zudem sind ausgeprägte, mehrere 
Hundert Jahre andauernde Schwankungen in der Meereisbedeckung während der letzten 6.5 
ka erkennbar, die mit globalen Paläo-Klima Rekonstruktionen korrelieren. Eine zyklische 
Variabilität (~400-, ~950- und 1500-jährliche Zyklen) wurde mit Hilfe der Spektral-Analyse 
identifiziert. Eine Korrelation zu Arktischen Oszillationsschwankungen, die aus anderen 
Studien hervorgeht, konnte in dieser Arbeit nicht konsequent nachgewiesen werden. 
Der südlichste Kern vom Yenisei Ästuar (BP99-04/7) gibt einheitlich eine saisonale 
Meereisbedeckung wieder, abgesehen von fünf kurzen Phasen mit permanenter 
Meereisbedeckung vor ~7.3, 4.8, 4.4, 3.3 und 2 ka. Diese reflektieren möglicherweise eine 
Festeisausbreitung bis hin zur Kernposition. Der starke Einfluss des Flusseintrags sowie die im 
Ästuar vorherrschenden Prozesse überlagerten wahrscheinlich die Dokumentation der 
kurzweiligen Klimaveränderungen in diesem Untersuchungsgebiet. 
 
Diese Studien dokumentieren substantielle Veränderungen der Umweltbedingungen auf den 
Schelfen, insbesondere während der Holozänen Transgression. Zudem waren die 
Ökosysteme scheinbar gegenüber klimatischen Veränderungen anfälliger, seitdem die 
Schelfe überflutet wurden, da während dieser Zeit (letzten 7 ka) eine ausgeprägte 
Variabilität in der Meereisbedeckung in beiden Arbeitsgebieten zu verzeichnen ist. Diese 
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beachtlichen Schwankungen in der Meereisbedeckung, des Flusseintrags und der 
biologischen Produktivität haben vermutlich das transpolare Driftsystem und des Weiteren 
das arktische sowie globale Klima beeinflusst. 
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Chapter 1 - Introduction - 
 
    1 
CHAPTER 1 
1 Introduction 
1.1 The Arctic Ocean - A climate recorder and amplifier 
The Arctic Ocean expands on the Northern Hemisphere in the high latitudes between ~70°N 
(on the Amerasian side) and ~65°N (on the Eurasian side) up to the North Pole. The Ocean is 
almost entirely bounded by the American and Eurasian continents (Fig. 1.1). In the high 
northern latitudes, a strong seasonal forcing can be observed since almost no sunlight 
reaches the high Arctic during the winter months. For instance, sea ice, the most remarkable 
feature of the Arctic Ocean, begins in the marginal seas to form during autumn and reaches 
its maximum extent in March, but is partly absent or distinctly restricted during spring and 
summer (average retreat of 60 - 70 %; National Snow and Ice Data Center, http://nsidc.org).  
The deep basin (1000 - 5500 m water depth) in the center of the Arctic Ocean is interrupted 
by tectonic ridges (e.g., Alpha Ridge, Gakkel Ridge). The Lomonosov Ridge separates the 
Amerasian from the Eurasian Basin. The latter is surrounded by the world’s largest shelf seas, 
these make up ~50% of the Arctic Ocean (Jakobsson et al., 2004). Their averaged water 
depths are approximately 50 m. Multiple environmental processes that affect also global 
climate (e.g., brine and sea ice formation, biological production) proceed at the shelf seas 
making them important areas within the Arctic (Fig. 1.2; MacDonald et al., 2004). In addition, 
numerous Eurasian rivers that are connected to huge river systems in the Siberian hinterland 
drain enormous amounts of freshwater onto the shelves (Fig. 1.1). The highest river discharge 
occurs during the summer months of which ~50 % of total Arctic riverine input is supplied by 
the biggest Siberian rivers, i.e., Lena (531 km3 a-1), Ob (412 km3 a-1), and Yenisei (599 km3 a-1) 
(Shiklomanov and Skakalsky, 1994; Gordeev et al., 1996; Dai and Trenberth, 2002). They 
transport terrigenous matter including nutrients as well as particulate and dissolved carbon 
to the adjacent ocean. Sediment accumulation rates are two to three magnitudes higher at 
the marginal seas than in the central Arctic, expressing their importance for the Arctic Ocean 
carbon budget (Stein and MacDonald, 2004; Stein et al., 2003a). The enormous freshwater 
input creates a low-salinity layer in the Arctic Ocean causing a stratification of the upper 
water column and thereby favors sea ice and deepwater formation that propels global 
thermohaline circulation (THC; e.g., Aagaard and Carmack 1989; Broecker 1997, 2006; Clark 
et al., 2002; MacDonald et al., 2004). Observations between 1979 and 2008 revealed a better 
correlation between sea ice coverage and river run-off than between precipitation and river 
run-off in the Siberian region (Shiklomanov and Lammers, 2010) showing the obvious linkage 
of these two parameters.  
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Figure 1.1 Overview of the Arctic Ocean with the major current system (after Nørgaard-Pedersen 
et al., 2007; MacDonald et al., 2004). The blue shading indicates parts that are covered by multi-
year sea ice (National Snow and Ice Data Center (NSIDC), http://nsidc.org). Blue arrows mark the 
four major rivers that drain large areas in the hinterland to the Arctic Ocean. The numbers state 
the amounts of freshwater entering the adjacent shelves (Gordeev et al. 1996; Macdonald et al., 
1998; Millot et al., 2003). The red dots show the positions of the sediment cores studied in this 
thesis. The IBCAO V3 grid (Jakobsson et al., 2012) was applied in Ocean Data View (ODV) for 
ocean bathymetry. 
 
Since the Arctic Ocean is almost entirely surrounded by continents, its connection to the 
Pacific and Atlantic Oceans is limited. Oceanic exchange with the Atlantic Ocean and the 
Pacific Ocean is only feasible via the Bering Strait (between Alaska and Russia) and the Fram 
Strait (between Greenland and Svalbard) (Fig. 1.1). Moreover, the oceanic current system 
within the Arctic Ocean is influenced by the high Coriolis parameter inducing a cyclonic 
circulation pattern. The sea floor bathymetry and the entrance of a warm Atlantic water 
mass through the Fram Strait also affect the circulation (e.g., Aagaard 1984, 1989; Rudels et 
al., 1994; Fig. 1.1).   
Two major current systems prevail in the Arctic Ocean, the Beaufort Gyre (BG) flowing 
clockwise with 1 - 3 cm s-1 at the Amerasian side and the Transpolar Drift (TPD) with 
velocities of 5 - 20 cm s-1 from Siberia to the Fram Strait at the Eurasian side (Thornsdike, 
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1986; Gow and Tucker, 1987; Fig. 1.1). The TPD is an important component within the Arctic 
environmental system since it connects the Siberian shelf seas with the Atlantic Ocean. It 
transports cold saline deep water, surficial freshwater and sea ice (including trapped 
sediments) from the Siberian shelves along the Lomonosov Ridge to the Fram Strait, where 
these components are exported to the Atlantic Ocean (Reinitz and Lammers, 1992; Dethleff 
et al., 1993; Nürnberg et al., 1994; Reimnitz et al., 1994; Eicken et al., 1997; Stein and 
MacDonald, 2004). Therefore, Siberian river run-off, sea ice and deepwater contribute the 
TPD-System. 
 
 
Figure 1.2 Box model of an Arctic shelf showing the processes proceeding in the shallow marginal 
seas. The dashed line marks the sea level during the last glacial maximum (modified from MacDonald 
et al., 2004). 
 
Atmospheric circulation above the Arctic Ocean is considerably affected by the polar 
(clockwise) vortex, whereas its changing strength implies a modified circulation pattern, 
namely the Arctic Oscillation (AO; Fig. 1.3). It fluctuates between two phases, i.e., a positive 
phase and a negative phase (Thompson and Wallace, 1998, 2000). In a negative AO mode the 
polar low-pressure system (polar vortex) is weaker, leading to weaker westerlies and cold 
Arctic air and storm tracks pushed farther south. In this configuration, Siberian 
climate/weather is colder and drier, whereas Greenland and Alaska is warmer. In a positive 
mode, the Siberian environment is warmer and wetter (Greenland and Alaska colder), due to 
a stronger polar circulation that attaches the cold air to the high latitudes (Thompson and 
Wallace, 1998, 2000). AO-phases correlate with the NAO mode that is restricted to the 
alternating strength of the Icelandic Low and the Azores High pressure centers in the North 
Atlantic (Thompson and Wallace, 1998). 
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Figure 1.3 Arctic Oscillation modes: the positive mode on the left side and the negative mode on the right side 
(from http://nsidc.org). 
 
Over the last 30 years, the global temperature increased (Johannessen et al., 1995; 
Grotefendt et al., 1998; Dickson, 1999) resulting in drastic environmental alterations within 
the Arctic region as it reacts sensitive to climatic-induced changes (ACIA, 2005a; Stroeve 
2007; Stocker et al., 2013). Scientists observed partly unexpectedly strong changes such as 
increased surface air temperature (e.g., Comiso and Parkinson, 2004) that raised two times 
faster than in the lower latitudes (Delworth and Knutson, 2000; Knutson et al., 2006). In 
addition, thawing permafrost soils, increased coastal erosion, considerably higher river 
discharges that will further increase (Peterson et al., 2002; Zhang et al, 2012; Fig. 1.5), 
remarkable changes in flora and fauna thus in habitats (e.g., invasion of exotic planktonic 
species or changes in the food web; Durner et al., 2009; Hegseth and Sundfjord, 2008), and 
drastic reductions in the seasonal sea ice cover (Rigor et al., 2002; Johannessen et al., 2004; 
Francis et al., 2005; Serreze and Francis, 2006) could be recorded, most probably caused by 
the anthropogenic climate change (Stocker et al., 2013).  
In addition, the Earth system’s strongest positive climatic feedbacks (e.g., albedo feedback, 
vegetation feedback, permafrost feedback; Miller et al., 2010) occur in the high latitudes 
(ACIA, 2005a,b). This is in turn amplifying global climate change (called Arctic amplification; 
Lawrence et al., 2008; Serreze and Barry, 2010).  
For these reasons, the Arctic Ocean plays a key role within the global climate system 
although it represents only 1 - 2 % of the global ocean volume (Shiklomanov, 1998; Aagaard 
and Carmack, 1989).  
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1.2 Arctic sea ice 
The Arctic Ocean is nowadays covered by sea ice, while its extent changes seasonally. 
Maximum sea ice extent with an area of 14.52 x 106 km2 occurred during March in 2016. This 
coverage reduced during spring and the summer months to a third, reaching the minimum 
extent of 4.14 x 106 km2 in September of the same year (http://nsidc.org; Fig. 1.4). However, 
the central Arctic Ocean is perennially ice-covered with sea ice concentrations of 97 % 
during winter and 85 - 95 % during summer (blue shading, Fig. 1.1). This perennial ice zone is 
bordered by seasonal sea ice, which concentrations mostly decrease in southern direction 
(Weeks and Ackley, 1986). 
 
 
Figure 1.4 Maximum (March) and minimum (September) Arctic sea ice distribution in 2016 on the 
left. September sea ice extent in 2003 compared to the extent in September 2012 on the right, 
illustrating the recent sea ice retreat (sea ice data taken from http://nsidc.org). 
 
In the Siberian seas the sea ice cover is complex. Fast ice forms at the coast and around 
islands during autumn, extends during January and March, and decreases from May/June on 
(Divine et al., 2004). Strong offshore winds separate new and drift ice from fast ice during 
winter and thereby create ice-free areas, namely polynyas (Smith et al., 1990). An important 
heat exchange takes place within the polynya (Dethleff et al., 1998; Reimnitz et al., 1994; 
Martin and Cavalieri, 1989; Chapman, 1999; Fig. 1.2). Moreover, the polynya offers a 
beneficial habitat for phytoplankton and zooplankton making them to high-productivity 
spots within the Arctic (Gaye et al., 2007; Kern, 2008).  
Strong and cold offshore winds and the enormous riverine freshwater input favor sea ice 
production predominantly on the shallow Laptev Sea and Kara Sea shelf mostly during winter 
(Eicken et al., 1997; Bauch and Polyakova, 2000). During the freezing process of seawater 
(begin in September) cold, saline and dense water forms (brines). This process occurs 
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especially at the border of polynyas and generates cold dense water (Fig. 1.2) that propels 
the global Conveyor Belt (Reimnitz et al., 1994; Martin and Cavalieri, 1989; Dethleff et al., 
1998; Chapman, 1999).  
 
As its albedo is 0.8, sea ice reflects most of the incoming solar radiation and thereby prevents 
the absorption of sunlight. The albedo of the surrounding ocean surface is considerably 
lower, around 0.1. Therefore, variability in sea ice extent has a profound effect on the Arctic 
(and global) energy balance. Since a reduced sea ice extent leads to stronger solar energy 
absorption, sea ice acts as an amplifier during climatic changes (albedo-feedback 
mechanism; Barry, 1996). This makes sea ice to a crucial player of the climate system.  
Moreover, sea ice controls the heat transfer between the ocean and the atmosphere as well 
as the ocean’s salinity balance and therefore implies a stratification of the water column 
(Dieckmann and Hellmer, 2008) that modifies the oceanic and atmospheric circulation 
pattern (Overland and Wang, 2010). Models revealed for instance that a reduced extent of 
winter sea ice cover in the North Atlantic induces a negative NAO (AO) phase (Magnusdottir 
et al., 2004; Byrkjedal et al., 2006). In addition, variations in the Arctic freshwater balance that 
result currently from varied amounts of sea ice melting and export, but also from increased 
precipitation and river run-off (Fig. 1.5), leads to diminished deepwater formation and 
therefore alters global ocean circulation (Delworth et al., 1997; Holland et al., 2001). 
 
 
Figure 1.5 Expected annual mean Arctic river run-off based on a Coupled Model Intercomparison Project. The 
blue line shows the ensemble median. The shading shows the seasonal range. The horizontal black dotted 
lines are auxiliary lines to highlight the increase. The vertical line separates the period 2005-2100 with a large 
multi-model ensemble from the period 2100-2300 with a small ensemble (modified from Nummelin et al., 
2016). 
 
Marine biota are also affected by the surficial sea ice layer since its thickness defines the 
depth of the photic zone, or partly inhibit completely the light penetration to the water 
column (Cremer, 1999; Belchansky and Douglas, 2002). According to the perennial ice cover 
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in the central Arctic, marine biological production around the North Pole is extremely low 
(global minimum). However, marine biological production is high on the Siberian shelves 
highlighting again the importance of these areas (Sakshaug, 2004; Wassmann et al., 2004; 
Wassmann, 2011; Fig. 1.2). To conclude, sea ice is a key component affecting atmospheric and 
oceanic circulation and further amplifies changes in the global climate system. 
 
Currently, Arctic sea ice reduces dramatically in extent and thickness (especially old sea ice 
that existed ~5 years) during the last decades (Maslanik et al., 2007a; Serreze et al., 2007; 
Stroeve et al., 2007, 2012). Sea ice extent during September diminished from the year 2003 to 
2012 by ~41 % (Fig. 1.4). Based on the current evolution, climate models (running a middle-
range CO2 emission scenario, i.e., 720 ppm CO2-level) forecast a seasonally ice-free Arctic 
Ocean in approximately 30 years (Arzel et al., 2006; Holland et al., 2006a; Wang and 
Overland, 2009). Parts of the Arctic Ocean are already perennially ice-free by that time 
offering faster trade routes, which were not conceivable some years earlier, and providing 
new or longer access to auspicious spots for fishery or resource exploration. But these 
ostensible advantages might be disastrous for Arctic ecosystems including flora and fauna 
due to contamination or drastic rearrangements (e.g., ACIA, 2005a) or might have globally 
severe consequences.  
 
Figure 1.6 This figure shows September sea ice extent projected by climate models developed in terms 
of the Intergovernmental Panel on Climate Change 5th Assessment compared with observations 
(black line). RCP: Representative Concentration Pathways of greenhouse gases in relation to the 
probable radiative forcing in 2100. The shading indicates the one standard deviation. Stroeve and 
Barrett, NSIDC (http://nsidc.org). 
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Remarkable retreats in summer sea ice could be observed in the years 2007 and 2012 
(National Snow and Ice Data Center; www.nsidc.org) that were below climate model 
simulations (Stroeve et al., 2007; Fig. 1.6). In order to understand sea ice’s behavior, learning 
from the past is crucial. Studying past sea ice variability and its imprint on the environment is 
essential for climate model tuning and improvements, consequently for future climate 
predictions. 
1.3 Arctic paleo-environmental history and characteristics 
Since the Cenozoic (last 65 Ma) the Arctic region experienced drastic long-term changes as 
well as several rapid alterations in temperature, ocean surface characteristics (including ice-
sheets, sea ice, circulation, etc.) and vegetation (e.g., Sewall and Sloan, 2001; Bice et al., 2006). 
The atmospheric CO2 content turned from relatively high concentrations in the Early 
Cenozoic to low values during the last 35 Ma. This transition attributed chiefly the global 
evolution from a Greenhouse, with globally higher temperatures (expressed by the benthic 
"18O stack; Fig. 1.7 a) and ice-free poles, to an Icehouse, characterized by low temperatures 
and glaciated poles (Zachos et al., 2001; Royer, 2006; Zachos et al., 2008).  
The knowledge about the Arctic climate history improved rapidly during the last years, 
especially with the successful ACEX expedition (Arctic Ocean Drilling Expedition, IODP 302) 
that yielded a sedimentary archive of Cenozoic and also Campanien sediments from the 
Lomonosov Ridge (Backman et al., 2006, 2008; Moran et al., 2006). It offered unprecedented 
and in particular unexpected knowledge about the Cenozoic Arctic climate environment 
(e.g., Stein et al., 2006, 2014, 2016; Backman and Moran, 2008; O’Regan et al., 2011). However, 
some intervals during the Cenozoic remained with question marks. Unfortunately, a big 
hiatus of approximately 26 Ma at the beginning of the late Eocene until middle Miocene (~44 
- 18 Ma) appeared in the sedimentary sequence (Backman et al., 2008; O’Regan, 2011; Fig. 1.7 
a).  
During the Paleocene-Eocene Thermal Maximum (PETM) and the early Eocene, the Arctic 
environment was much warmer than today, with temperatures that might have reached 
about 25° C during summer (Sluijs et. al., 2006; Weller and Stein, 2008; Stein et al., 2014). First 
indications of drifting sea ice (and probably also glaciers on land) are documented by the 
appearance of sea ice diatoms in the ACEX sedimentary record ~47 Ma ago (Moran et al., 
2006; St. John, 2008) and Greenland-glaciers probably built up between 38 and 30 Ma (Eldrett 
et al., 2007). With the opening of the Fram Strait (17 Ma ago) the modern circulation system 
might have been established (Jakobsson et al., 2007), probably leading to the growth of an 
ice-sheet on Svalbard 15 Ma ago (recognized by massive IRD deposition in the ACEX core; 
Knies and Gaina, 2008). During the last 3 Ma an accelerated cooling is recorded, most likely 
caused by the decreasing atmospheric CO2 content and stronger freshwater contribution to 
Chapter 1 - Introduction - 
 
    9 
the ocean by ice-sheets, that is beneficial for sea ice formation (Haug et al., 2001; Foster et 
al., 2008; Matthiessen et al., 2009). The climatic transition provided a southward migration of 
the tree-line, the development of permafrost soils and the build-up of continental (on 
Svalbard and since 2.9 - 2.6 Ma in northern America) and partly marginal ice-sheets (e.g., 
Burn, 1994; White et al., 1997; Duk-Rodkin et al., 2004; Knies et al., 2009), and thereby a 
considerably reorganized Arctic environment.  
But also shorter extremely warm intervals (accompanied by high atmospheric CO2 
concentrations) expressed by negative excursions of the global #18O deep sea benthic stack, 
namely the PETM, Eocene Thermal Maximum, Early-Eocene Thermal Maximum, Mid-Eocene 
Climate Optimum and Mid-Miocene Climate Optimum occurred at 55, 53, 50, 42, 17 - 14 Ma, 
respectively (Zachos et al., 2001; Fig. 1.7 a).  
 
On shorter time scales, the Arctic environmental conditions are better known. Sedimentary 
sequences recording the Marine Isotope Stages (MIS) 1 - 6 of the Quaternary period, i.e., the 
last ~190 ka, are more abundant and easier to sample in the Arctic realm. Furthermore, 
additional climate archives like Greenland ice cores offer high-resolution (yearly) Arctic 
climate history back to ~250 ka. However, temporal resolution as well as exact dating is 
problematic with increasing ages of the sediments. 
These records revealed an Arctic environment that fluctuated between glacials and 
interglacials. A state held on for some 10 thousands of years (Fig. 1.7 b). Changes in the 
earth’s orbital parameters controlling the solar insolation strength, were most probably the 
main forcing of these fluctuations (i.e., Milancovitch cycles; Lisiecki and Raymo, 2005). The 
eccentricity-cycle (100 ka) might be the main driver whereas some evidences for an influence 
of the precession-cycle (23 ka) were also found (Lisiecki and Raymo, 2005; O’Regan et al, 
2008). Thereby, ice-sheets that covered occasionally the surrounding continents and shelf 
seas built up, waxed, wined and disappeared (see summary by Jakobsson et al., 2014; Fig. 1.7 
b). Their existence and extensions are recorded, for instance, by traces on the sea floor 
(plough marks, grounding zone wedges, etc.) that they left behind. During multiple 
deglaciations, meltwater pulses of different intensities entered the Arctic Ocean influencing 
circulation and sea ice cover (e.g., Spielhagen et al., 2004; Fig. 1.7 b).  
However, the different evolution of ice-sheets in the eastern and western Arctic are not fully 
understood as well as the exact chronology of these events and their interactions need 
further investigations (Stein, 2008a, 2011; Polyak et al., 2010). 
As Quaternary environmental conditions are mostly similar to modern’s these can be applied 
as analogues for model predictions (Otto-Bliesner et al., 2006; Goosse et al., 2007) making 
paleo-climatic investigations essential.  
 

Chapter 1 - Introduction - 
 
    11 
The extent of the ice-sheet during the last glacial maximum (LGM; ~20 ka ago) is illustrated 
in Figure 1.7 b (modified from Jakobsson et al., 2014). The massive ice-sheets trapped 
enormous amounts of freshwater providing more saline water in the oceans and also a 
lowered sea level of ~120 m below modern (Fairblanks, 1989). During that time, the Arctic 
shelves were exposed (Bauch et al., 2001; Stein et al., 2003b; cf. Fig. 1.2 dashed line) probably 
resulting in completely different environmental conditions in the ocean. Glacial environment 
reconstructions showed different results, i.e., from no considerable difference to today with a 
stable TPD system (Phillips and Grantz, 2001) to a stagnant massive thick ice cover 
accompanied by occasional ice-sheet disintegrations north of the Fram Strait and no ice drift 
(Nørgaard-Pedersen et al., 2003; Bradley and England, 2008). A numerical model simulated 
the glacial environment and revealed a shifted anti-cyclonic rotation in the Canada Basin 
(BG) and a deflected TPD (Fig. 1.8 b, c) most probably induced by wind stress (Stärz et al., 
2012).  
 
 
Figure 1.8 (a) Modeled modern average (last 30 years) streamlines of sea ice drift representing the Transpolar 
Drift and the Beaufort Gyre. (b) and (c) show model results for sea ice drift during the last glacial maximum with 
reduced velocities and a short-cut of the sea ice export. The LGM-models are featured with different atmospheric 
boundary conditions (from Stärz et al., 2012). 
 
These results correspond with observed IRD deposition and iron grains from Siberia as well 
as dated ice plough mark orientations (Polyak et al., 2001, 2007; Darby et al., 2002; Darby, 
2003; Darby and Bischof, 2004; Darby and Zimmermann, 2008; Engels et al., 2008). Since the 
last 16 ka the sea level began to rise, caused by the melt of huge LGM ice-sheets (Fig. 1.7 b). 
The shallow and vast shelves became flooded until ~7.5 - 5 ka. As a consequence the main 
deposition center migrated southward and a new environment was established (Bauch et al., 
1999; Stein and Fahl, 2000; Bauch et al., 2001; Dittmers et al., 2003; Stein et al., 2003b, 2004; 
Stein and MacDonald, 2004). Meanwhile, more abrupt climatic changes on millennial scale 
occurred in the high latitudes that are recorded by excursions of the #18O stable isotope ice 
core record obtained during the North Greenland Ice Core Project (NGRIP) (Fig. 1.7 c). Firstly, 
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the Bølling/Allerød warm period (B/A, 14.7 - 12.9 ka) followed by a prominent cold phase, the 
Younger Dryas (YD, 12.9 - 11.6 ka; Stuiver et al., 1995), which was described as an abrupt 
return to cold conditions, possibly triggered by the catastrophic drainage of Lake Agassiz in 
North America. As a consequence, the meltwater event might have stopped deep-water 
formation and diminished AMOC, or even led to a complete shutdown (e.g., Broecker et al., 
1988, 1989; Clark et al., 2001; Teller et al., 2002; Murton et al., 2010). From this cool reversal 
climatic conditions turned into another warm phase, with warmest Holocene atmospheric 
temperatures (even warmer than today; Stuiver et al., 1995; Rasmussen et al., 2006), namely 
the Holocene Thermal Maximum (HTM, 10 - 8 Ka). This warmer phase might have been 
caused by the insolation maximum in the northern hemisphere (e.g., Koç et al., 1993; Bauch et 
al., 2001; Hald et al., 2007; Risebrobakken et al., 2010; Fig. 1.7 c). In the high latitudes the 
insolation maximum is followed by a decrease (Crucifix et al., 2002; Laskar et al., 2004) most 
probably driving a late Holocene cooling trend (Fig. 1.7 c). These prominent climatic 
alterations are recorded pan-Arctic by various proxies (e.g., Andreev et al., 2001, 2009, 2011; 
Forwick and Vorren, 2007; Fahl and Stein, 2012; Müller and Stein, 2014; Méheust et al., 2015).  
 
 
Figure 1.9 Drift patterns modified during more frequent positive or negative Arctic 
Oscillation modes (Figure modified from Darby et al., 2012). 
 
The Holocene climate (last 10 ka) was long believed to be a climatically stable period in 
Earth’s history apart from the HTM and the cooling trend. However, high-resolution climate 
reconstructions revealed globally synchronous climatic alterations on multi-centennial scale 
(see summary by Wanner et al., 2008), for instance consistent glaciers advances (Karlén, 1993; 
Dahl and Nesje, 1996; Bond et al., 1997, 2001; Huntley et al., 2003 and references therein; Fig. 
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1.7 d). Authors suggested a cyclic centennial forcing as solar activity changes affecting 
AO/NAO (e.g., Bond et al., 2001), whereas other authors could not identify a correlation to 
solar cycles (Kinnard et al., 2011). They rather assumed multiple internal forcings, as volcanic 
eruptions, or modifications in atmospheric and oceanic circulation. 
 Darby et al. (2006, 2012) suggested that the TPD system was probably affected by AO 
changes (Fig. 1.9) impacting Arctic sea ice conditions or transport (de Vernal et al., 2005, 
2007) especially in Siberia (Funder et al., 2011; Darby et al., 2012) and the North Atlantic. 
Dyke et al. (1997) reconstructed millennial to centennial and partly decadal variability in the 
TPD (i.e., shifts in the location, deflection or splitting) during the last 8.5 ka by investigating 
circum-Arctic driftwood deposition. According to these authors, the last major shift of the 
TPD occurred at the onset of the Neoglaciation, 1000 years ago. Since a lot material is 
available documenting this interesting time period (last 10 ka) of Arctic climate history it is 
an appropriate and important time slice for paleo-climatic investigations. 
1.4 Rationale and objectives of the Thesis 
The Arctic Ocean reacts sensibly on climatic changes and at the same time it acts as an 
amplifier designating it to a crucial area for paleo-climate studies. On its vast and shallow 
Siberian shelves substantial as well as climate-relevant environmental processes proceed as 
sea ice formation, riverine freshwater input, biological production and brine formation. The 
TPD connects this area to the entire Arctic Ocean and further to the North Atlantic. As 
described in Chapter 1.1 and 1.2, modifications in the TPD affect global THC highlighting its 
significance within the Arctic and global climate system. 
Some studies suggested a modified TPD and BG circulation system during the last glacial 
(Darby, 2003; Darby and Bischof, 2004; Stärz et al., 2012; see Chapter 1.3). In addition, Dyke et 
al. (1997), Funder et al. (2011) and Darby et al. (2012) observed several phases of a modified 
TPD within the last 10 ka. Different mechanisms or thresholds of a mechanism possibly 
caused this TPD variability (Dyke et al., 1997). On millennial scale, regional precipitation 
changes might modulate the position as well as the flux of the TPD (Dyke et al., 1997). 
Thereby, increased discharge by Siberian rivers might shift the Drift farther on the Eurasian 
side to include the regionally increased freshwater and ice fluxes. But probably a greater 
influence is given by variations in sea ice production and in size and position of the polynyas 
off Siberia during the Holocene (Reimnitz et al., 1994). It is suggested that variations in sea 
ice and river run-off (freshwater flux) alter the North Atlantic circulation that in turn affects 
directly the climate in Europe and North America (Seager et al., 2002; Holland et al. 2006b). 
That means river run-off and sea ice are significant components of the TPD and the climate 
system (see also Chapter 1.2).  
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It is also important to investigate the effects on biological productivity on the shelf since it 
contributes substantially to the Arctic Organic Carbon budget (see Chapter 1.1) and is 
considerably affected by sea ice cover.  
 
Given the past variability in the TPD system and the current climate change coupled with the 
alarming sea ice loss, it is important to get information about potential future scenarios, as 
ecologic but also economic consequences might be severe. Therefore, investigating past 
environmental changes on Arctic shelves during relevant time intervals is crucial. Especially 
the application of the direct sea ice proxy IP25 (introduction in Chapter 1.5) will offer 
unprecedented knowledge about paleo-sea ice coverage on the shelves. 
The overall scientific question of this thesis is: 
! Might past changes in sea ice cover, river run-off and also biological production 
on the Siberian shelves affect the TPD? 
This questioning reveals several related key questions: 
Polynyas are to major parts responsible for sea ice production. They are located in front of 
land fast ice in the Kara and Laptev Sea at the ~20 - 30 m isobaths. The Holocene 
transgression most probably varied the polynya location, size and configuration. This might 
have caused changes in sea ice production and further altered the TPD (Dyke et al., 1997).  
Moreover, the Holocene transgression might have led to a modulated sea ice export that 
eventually influenced Atlantic water inflow. Therefore, Werner et al. (2013) hypothesized that 
the flooding might be responsible for enhanced Atlantic water inflow detected in the Fram 
Strait 5 ka ago. 
As the sea level rise had a considerable effect on the ecosystem (e.g., Bauch et al., 2001; Stein 
et al, 2003b) it is important to reconstruct in sea ice extent, river run-off and biological 
production during this time. Due to these aspects, the following questions arise: 
" How did the Holocene transgression influence sea ice distribution and the organic 
carbon sources on the Siberian shelves? 
" Are there evidence that sea level-induced alterations on the Siberian shelf affected 
other regions within the Arctic?   
 
Polynyas are important spots for detecting regional climate variability since their distribution 
is affected by climate changes. According to this the next key question is: 
 " Did the polynya change in size or location during the Deglacial? 
Chapter 1 - Introduction - 
 
    15 
Moreover, a special focus lies on warmer intervals (partly warmer than today), because 
these could be applied as analogues for future climate predictions. 
 " How did the key parameters change during warm intervals as the Bølling/Allerød or 
the Holocene Thermal Maximum? 
 
Another contributor to the TPD variability is atmospheric circulation, controlling Arctic sea 
ice drift (Thompson and Wallace, 1998; Rigor et al., 2002), hence the location or strength of 
the TPD (Mysak, 2001; Mysak and Venegas, 1998; Kwok, 2000; Wang et al., 2009; Stroeve et al., 
2011). Changes in the surface pressure gradient, thus AO, might be responsible for modulated 
ice drift pattern and velocity  (Darby et al., 2006). As mentioned in Chapter 1.3, several studies 
reported cyclic environmental changes during the Holocene, these are eventually driven by 
fluctuations between more frequently occurring AO/NAO modes. Since the characteristic 
variability is already detected in river run-off to the Kara Sea (Stein et al., 2004) this reveals 
the following question: 
 "  Is a short-term variability in sea ice cover detectable on the Siberian shelf? 
It is of relevance to investigate such past short-term climate changes since these are not well 
enough considered in climate models so far. Moreover, Holocene abrupt short-term climate 
variability occurred in the near past and concerns our future climate the most. Therefore, 
knowledge about environmental conditions on the Siberian shelves, with respect to the TPD, 
during the Holocene is essential.  
1.5 Approach & Strategy 
1.5.1 Sea ice proxies 
Observations of Arctic sea ice extent and environmental parameters as precipitation and 
productivity have been performed during the last 1.5 centuries (since 1870; Walsh, 1978). 
They represent only a very short time interval of Earth’s climate history. Satellite sea ice 
monitoring transmitting precise results has been operated from 1979 onwards (Cavalieri et 
al., 2003). To get information about climatic conditions that lie further back in time, marine, 
terrestrial or ice core achieves must be investigated. Different proxies can be applied that 
give evidences about past sea ice cover in the Arctic Ocean. These might be biological 
(assemblage or transfer function studies of dinocysts, foraminifers or diatoms associated with 
sea ice), lithological (occurrences of ice-rafted debris (IRD), driftwood or whalebones 
transported and released by sea ice) or geochemical (stable isotopes measured on 
sediments, ice cores or on (micro-) fossils) analysis (see summary by Polyak et al., 2010). 
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However, these proxies provide only indirect evidences for sea ice cover and are therefore 
less precise, have bigger errors and hence, are less reliable. 
For instance, it is not possible to distinguish hundred percent if IRD was delivered by 
icebergs/ice-sheets or by sea ice (Lisitzin, 2002 and therein). Transfer functions that are 
applied on fossils have their limits in the spatial distribution of the calibration datasets (de 
Vernal et al., 2005). In addition, dissolution effects often deplete calcareous or silicate 
organisms and distort the results. 
Alternatively, Belt et al. (2007) presented a molecular biomarker synthesized exclusively by 
Arctic sea ice algae these are incorporated in the bottom layers of the sea ice. Its presence or 
absence within the sediment reveals information about the sea ice conditions above the core 
location. This direct biomarker provided a big step to more profound paleo-sea ice 
reconstructions within the Arctic realm. 
1.5.2 Application of geochemical biomarkers for environmental reconstructions 
1.5.2.1 Molecular sea ice indicators 
Molecular biomarkers are defined as chemical signatures of the biota from which they are 
produced (e.g., Killops and Killops, 2009). As the abundance and distribution of the biota is 
controlled by the prevailing environmental conditions, these biomarkers are useful proxies 
for paleo-environmental reconstruction studies.  
 
Highly-branched isoprenoids (HBI) are synthesized by marine and freshwater diatoms 
(Haslea, Navicula, Pleurosigma and Rhizosolenia genera; Volkman et al., 1994; Belt et al., 
1996, 2000a, 2001a, b, c) and occur commonly in marine sediments (Rowland and Robson, 
1990; Belt et al., 2000a). Rowland et al. (2001) suggested that the degree of HBI-unsaturation 
depends on the prevailing temperature, with higher temperatures corresponding to a higher 
degree of unsaturation. This assumption is based on the observation that HBI-tetraenes (4 
double bonds) dominated at 25° in cultural experiments, followed by dominations of HBIs 
with lower degrees of unsaturation accompanied by gradually decreasing temperatures 
(with at least predominantly a HBI-diene (two double bonds; Fig. 1.7) at 5°) (Rowland et al., 
2001). 
On the foundation of this observation, Belt et al. (2007) hypothesized that a HBI-monoene 
(with one double bond and with 25 carbon atoms; Fig. 1.10) might be synthesized by Arctic 
sea ice algae at temperatures around 0° and work began to verify this assumption. With the 
identification of the molecule in Arctic sea ice extracts, its absence in open-water 
phytoplankton samples from the Canadian Arctic and its isotopic fingerprint indicative for a 
sea ice source, the hypothesis of a molecular sea ice proxy with 25 carbon atoms, IP25, was 
supported.  
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Figure 1.10 Chemical structures of the  HBI-molecules. 
 
Müller et al. (2009) carried out sediment surface studies of IP25 in the Fram Strait and showed 
that the biomarker data set reflects convincingly well the modern, satellite-recorded spring 
sea ice distribution in the subpolar North Atlantic. However, the source species of IP25 
remained unknown for long, but quite recently Brown et al. (2014) identified the IP25 
producers (Pleurosigma stuxbergii var. rhomboides, Haslea kjellmanii, Haslea crucigeroides 
and/or H. spicula). These species represent a minor proportion of the ice taxa, but even more 
importantly, they are distributed consistently pan-Arctic validating IP25 as a proxy for paleo-
Arctic sea ice. Investigations of IP25 concentration in ice cores revealed a strong seasonality 
of the IP25 production, with 90 % accumulation within 4-6 weeks during spring algae bloom, 
and no IP25 accumulation (or below the detection limit) during winter (Brown et al., 2011). 
Fahl and Stein (2012) identified substantially increased IP25 concentrations in sediment traps 
placed at the southern Lomonosov Ridge during the summer months. Consequently, IP25 
reflects spring/summer sea ice coverage.  
In marine sediments, the molecule is absent when no sea ice is available offering a habitat 
for sea ice algae growth, but it is also absent when permanent thick sea ice covers the ocean 
preventing light penetration underneath the ice layer, necessary for sea ice algae growth (as 
illustrated in Figure 1.11). Consequently, the absence of IP25 may be the result of one of the 
two extremes, i.e., either ice-free conditions or permanent ice cover (Müller et al., 2009; cf. 
Fig. 1.11). To distinguish between these two scenarios, IP25 can be combined with 
phytoplankton biomarkers (e.g., brassicasterol and dinosterol see Chapter 1.5.2.2) that are 
absent under a permanent thick sea ice cover and abundant in open-water conditions (Fig. 
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1.11). Accordingly, Müller et al. (2011) introduced the phytoplankton marker-IP25 index (PIP25 
index; cf. EQ 1). As phytoplankton marker concentrations are conspicuously higher compared 
to IP25 concentrations, a balance factor C has been included (cf., Müller et al., 2011; EQ 2).  
 
(1) PIP25 = IP25 / (IP25 + (phytoplankton biomarker x C)) 
 
(2) C = mean conc. (IP25) / mean conc. (phytoplankton biomarker) 
 
The direct comparison of satellite-sea ice observation and PIP25-based sea ice reconstruction 
revealed that the index represents sea ice cover even better than IP25 (Müller et al., 2011). On 
the foundation of this comparison, Müller et al. (2011) assigned sea ice configurations to 
values or ranges of the PIP25 index. A PIP25 index of 0 is indicative for ice-free conditions, 
values lower than 0.5 reflect less or variable sea ice cover, the range between 0.5 and 0.75 
equals seasonal sea ice conditions including ice-edge situations, and an index greater than 
0.75 points to a permanent sea ice cover (Fig. 1.11). Meanwhile, this data set was extended to 
the central Arctic Ocean and the Siberian Seas (Xiao et al., 2015; Figs. 1.11; 1.12). It validated 
the correlation of IP25 and PIP25 to satellite sea ice records however, in complex ecosystems 
like the Siberian marginal seas the production of IP25 might be influenced spatially by 
(extreme) environmental conditions or processes, as immense river run-off or complex sea 
ice cover (e.g., fast ice or ice massifs; Figs. 1.11; 1.12) leading to lower correlation coefficients 
(Xiao et al., 2013).  
 
This PIP25-approach still has its limitations, e.g., the inaccuracy of C-factor especially in down-
core studies, the ecological controls on IP25 production including a required sea ice structure 
optimal for sea ice algae growth (cf. Brown et al., 2011; Stein et al., 2012; Belt and Müller, 
2013; Weckström et al., 2013; Brown et al., 2014; Smik et al., 2016). These constraints may lead 
to spatially different magnitudes of IP25 concentrations. In addition, the assumption of 
vertical sinking IP25 molecules through the water column to the sea floor as well as its 
preservation within the sediment after burial might be disturbed by different processes (e.g., 
lateral transport in the water column, grazing by other organisms, the possibility of organic 
matter degradation during the digenesis of the sediment; see Stein et al., 2012; Belt and 
Müller, 2013). However, testing and comparisons by several studies revealed that the IP25-
approach is still reliable. But nevertheless, these aspects need to be considered during IP25 
and PIP25 interpretation and additional data collection from other Arctic areas is necessary 
for validation.  
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Meanwhile, the IP25 and PIP25 approach has been used successfully in several paleo-studies 
covering the Quaternary (e.g., Fahl and Stein, 2012; Cabedo-Sanz et al., 2013; Müller and 
Stein, 2014). Recently, Stein et al. (2016) identified IP25 in 15 Ma old sediments from the 
Lomonosov Ridge. The biomarker analyses provided evidences for ice-free summers in the 
central Arctic during the Late Miocene. The inter-laboratory investigation of the analytical 
procedure of IP25 by Belt et al. (2014) validated the comparability of IP25 determinations 
performed at the participating laboratories. 
 
 
Figure 1.11 Schematic transect from the North Pole to the Laptev Sea shelf illustrating the distribution of 
open-water phytoplankton and sea ice algae as well as summer sea ice conditions. The curves on top show 
biomarker concentrations (numbers) determined at surface sediment samples (indicated by beige arrows 
below). (Figure modified from Xiao et al., 2015) 
 
Recently, Smik et al. (2016) introduced a HBI-triene (Fig. 1.10) as phytoplankton biomarker. 
The advantage of this approach is that IP25 and the HBI-triene occur in similar proportions 
contrarily to brassicasterol/dinosterol and IP25, facilitating to exclude the error of the 
balance factor C.  
The HBI-diene (C25: 2) might also be suitable for sea ice reconstructions. Fortunately, it has 
been found in marine sediments from polar regions, the Arctic Ocean and the Southern 
Ocean (Belt et al., 2007; Vare et al., 2009; Massé et al., 2011). Vare et al. (2009) observed a 
similar variability of IP25 and a HBI-diene in records from Arctic sea ice-covered areas and 
Massé et al. (2011) discovered a HBI-diene in sediments of different sea ice-covered locations 
around Antarctica. Both findings point to a sea ice source of these molecules. However, a 
HBI-diene has been also found in more temperate regions (Barrick et al., 1980; Volkman, 
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1983; Yruela et al., 1990; Summons et al., 1993), and He et al. (2016) identified recently a HBI-
diene in a freshwater wetland (in the Florida Everglades). These occurrences do not confirm 
the assumption of the HBI-diene as definite sea ice tracer.  
 
 
 
Figure 1.12 Gridded biomarker concentrations (a - c) and PIP25 indices (plots d and e; b= calculated 
with brassicasterol; d= calculated with dinosterol) determined in surface sediments. The black 
dots mark the position of data points. The distribution maps are taken from Xiao et al. (2015). 
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As mentioned above, Rowland et al. (2001) suggested that the synthesis of double bonds is 
favored under higher temperatures due to energetic reasons. On the foundation of this, the 
ratio of the HBI-diene and IP25 (DIP25 index) might reflect changes in water surface 
temperature, as shown in surface sediments (Xiao et al., 2013) and in a down-core study by an 
enhanced DIP25 index during a prominent warm time interval (Bølling/Allerød; Fahl and Stein, 
2012). However, Cabedo-Sanz et al. (2013) did not find any correlation between the DIP25 
index and SST in their study of a sediment core from the area off northern Norway. Instead, 
these authors interpreted the DIP25 index as an indicator for sea ice variability only.  
Most recently, Belt et al., (2016) identified the HBI-diene II (Fig. 1.9) as qualitative indicator 
for the presence of landfast ice around Antartica, the novel ice proxy for the Southern Ocean 
with 25 carbon atoms (namely IPSO25). It is produced by a tube-dwelling sea ice diatom, 
which lives in the open channels of platelet ice that occurs typically at landfast ice close to 
the coast.  
1.5.2.2  Indicators for organic carbon sources 
Molecular biomarkers are also used as indicators for various organic-matter sources. As 
ecological constraints may affect the proportion of these sources within an ecosystem, these 
biomarkers reflect (changes in) environmental conditions. 
 
 
Figure 1.13 Chemical structures of the utilized sterols. 
 
Specific sterols (e.g., brassicasterol and dinosterol; Fig. 1.13) are produced by marine diatoms 
and dinoflagellates (e.g., Volkman 1986, 2006; Volkman et al. 1993). In the first instance, 
these molecules represent marine phytoplankton and are often used as indicators for marine 
production. However, brassicasterol can be synthesized by marine (eventually also by sea ice 
diatoms) and freshwater diatoms (Yunker et al., 1995; Belt et al., 2013). Therefore, the 
interpretation of the productivity biomarker brassicasterol is restricted especially within 
ecosystems of intense fluvial input as the Siberian shelves (Fahl and Stein, 1999; Fahl et al., 
2003), since its source cannot be clearly assigned.  
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"-sitosterol and campesterol (Fig. 1.13) are predominantly synthesized by vascular land 
plants (e.g., Huang and Meinschein 1976; Volkman 1986). These sterols were also found in a 
few marine organisms (Volkman et al., 2008; Rontani et al., 2014) nevertheless, they are 
applied successfully in marine sediments as biomarker proxies for terrigenous input to the 
ocean (e.g., Fahl and Stein, 1997, 1999, 2007; Xiao et al., 2013, 2015). As terrigenous matter is 
delivered predominately to the Siberian shelf seas via river discharges (Fahl and Stein, 1997, 
1999; Kattner et al., 1999; Boucsein and Stein, 2000; Lobbes et al., 2000; Mueller-Lupp et al., 
2000; Stein and Fahl, 2004), these biomarkers can be used as indicators for river run-off in 
these regions. 
1.5.3 Concept 
Reconstructing sea-ice cover and polynya variability, river run-off and biological production 
is based on high-resolution and well-dated sediment cores. As the main focus of this study 
concerns processes on the Arctic shelves, the sediment cores should stem from the Laptev 
Sea and Kara Sea shelves since they are the main source areas of freshwater input, sea ice 
and brine formation (see Chapters 1.1, 1.2). The selection criteria for the cores are: 
" specific time intervals should be documented: 
- the Holocene transgression (~16 - 5 ka)  
- warmer time intervals, as the Bølling/Allerød (~14.7 - 12.9 ka) and the HTM 
(~10 - 8 ka) as these might be analogues for our future climate 
- the late Holocene in a high-resolution in order to be able to detect the climatic 
short-term variability 
 
" Cores should be distributed on the shelf in order to detect environmental 
differences (with a focus on the sea ice constellation: fast ice - polynya - new/drift 
sea ice). 
To reconstruct river run-off and biological production specific sterols are investigated at the 
sediment cores that are indicative for terrigenous matter input and marine biological 
production (i.e., campesterol, "-sitosterol, brassicasterol and dinosterol as described in 
Chapter 1.5.2.2). For sea ice reconstructions the direct proxy IP25 and the PIP25 index (for even 
more quantitative results) are examined at the sediment samples. In addition, HBI-diene as 
well as the DIP25 index are also evaluated to get further information about its origin or 
meaning, especially in complex environments like the Siberian shelves. 
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1.6 Outline of the Thesis 
The climatic and thus social significance of the study area with the dynamics and interactions 
of its key environmental components were clarified. According to that, arising scientific 
questions were formulated that should be addressed in this thesis. In addition, the strategy to 
answer these questions was presented in Chapter 1. 
In Chapter 2 the studied material and the methodology are introduced.  
The following three chapters comprise individual studies concerning the thesis’s objectives. 
Chapter 3 presents Deglacial to Holocene environmental variability on the western Laptev 
Sea shelf. Biomarker analysis and multi-proxy comparison of two sediment cores (one from 
the outer shelf and one from the upper continental slope) reveals high-resolution sea ice 
cover, river run-off and biological production reconstructions during the post-glacial sea 
level rise, prominent warmer (B/A, HTM) and also colder (Younger Dryas cold reversal) 
phases as well as during the Holocene in unprecedented resolution. In addition, the 
applicability of brassicasterol as marine phytoplankton indicator within this riverine-
dominated environment is examined. 
The first IP25-based sea ice reconstruction from the Kara Sea is presented in Chapter 4. The 
aim of the study is to answer whether sea ice cover was influenced by the climatic Holocene 
short-term variability, which is observed globally and also in the Kara Sea region reflected by 
temperature and precipitation reconstructions. Therefore, a sediment core from the southern 
Kara Sea was analyzed and results were proven by spectral analysis of the biomarker record, 
also to address the forcing of the cyclic variability. 
 
In Chapter 5 Deglacial to Holocene variability in sea ice distribution on the southern to 
central Kara Sea shelf is addressed. A transect of three sediment cores from the estuary to 
the central Kara Sea were analyzed to identify past changes in the sea ice cover and 
especially in the polynya-fast ice distribution during the last 12 ka. 
In Chapter 6 the results of the individual studies are concluded and the scientific questions, 
postulated in Chapter 1.4, are addressed. In addition, open points and/or meaningful niches 
to continue working on this topic are figured out. 
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1.7 Declaration of the author’s contribution 
The three joint-authorship manuscripts (Chapters 3, 4, 5) of this cumulative thesis are or will 
be published as peer-reviewed articles within appropriate scientific journals. These studies 
were compiled in close collaboration of all co-authors. In the following, the contributions of 
the authors and the states of the individual studies should be clarified. Since the author’s 
contributions are similar within the studies of Chapter 4 and 5 the information is provided 
compositely. 
 
 
Chapter 3: Post-glacial variability in sea ice cover, river run-off and biological production in 
the western Laptev Sea (Arctic Ocean) - A high-resolution biomarker study 
Authors: Tanja Hörner, Rüdiger Stein, Kirsten Fahl and Daniel Birgel 
Publication state: This study is published in Quaternary Science Reviews. 
This work is part of a subproject History of the Transpolar Drift - Arctic Biomarkers (led by 
Rüdiger Stein) within the BMBF-Project Transpolar Drift System of the Arctic Ocean. The idea 
for this study was developed by Rüdiger Stein and myself. The sediment cores, PS51/154-11 
and PS51/159-10, were obtained during the RV Polarstern Expedition ARK-XIV/1b by the 
scientific party in 1998. Sediment sampling of the sub-cores, their preparation (i.e., freeze-
drying and grounding) and the total organic carbon (TOC) measurements were performed by 
me. In addition, I was responsible for the chemical preparation of the sediment samples 
(extraction and open-column separation), the extract’s analysis (GC-MS measurements) and 
the evaluation of the data including spectral analysis on the ice proxy record. Analytical 
processes and evaluation was examined and promoted by Kirsten Fahl. Daniel Birgel handled 
the compound-specific carbon stable isotope measurements on the extracts (at the 
Department of Geodynamics and Sedimentology in Vienna) as well as the data evaluation. 
All co-authors were involved in the interpretation of the data. I elaborated the figures and 
wrote the manuscript. The final version of the manuscript benefitted from the contributions 
of the experienced co-authors as well as from advises of two anonymous reviewers that 
reached me during the revision process for the publication in Quaternary Science Reviews.  
(personal contribution ~80%) 
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Chapter 4: Holocene centennial to millennial cyclic variability in sea ice cover in the 
southern Kara Sea 
Authors: Tanja Hörner, Rüdiger Stein and Kirsten Fahl 
Publication state: The study is submitted to Geo-Marine Letters. 
 
Chapter 5: Paleo-sea ice distribution and polynya variability on the Kara Sea shelf during the 
last 12.4 ka 
Authors: Tanja Hörner, Rüdiger Stein, Kirsten Fahl 
Publication state: This study is to be submitted to Paleoceanography. 
This work is part of a subproject History of the Transpolar Drift - Arctic Biomarkers (led by 
Rüdiger Stein) within the BMBF-Project Transpolar Drift System of the Arctic Ocean. The 
individual ideas for each study were developed by Rüdiger Stein and myself. The studied 
sediment cores (Core BP99-04/7, Core BP00-07/7, Core BP00-36/4) were obtained in the 
frame of a German-Russian research project Siberian River run-off  (SIRRO) during two 
expeditions, BP99 and BP00 with RV Boris Petrov in the years 1999 and 2000. As one of two 
Chief scientists, Rüdiger Stein developed the research plan of both expeditions and was 
responsible for discovering appropriate coring sites (in cooperation with involved scientists). 
The freeze-dried and ground sediment samples of the utilized sediment cores were treated 
analytically as described above (i.e., biomarker and TOC analyses via GC-MS and ELTRA 
Analyser, respectively) by me. These steps were examined and supported by Kirsten Fahl. I 
was further responsible for the data evaluation, figure elaboration and spectral analysis. All 
co-others were involved in the interpretation of the data. I wrote both manuscripts and 
created the figures these benefitted from helpful contributions of the co-authors. 
(personal contribution ~80%, respectively) 
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CHAPTER 2 
2 Analyses of organic matter at the sediment cores from the 
Siberian shelf seas 
2.1 Material & Sampling 
2.1.1 The Laptev Sea cores 
Two sediment cores, selected for this thesis, were obtained from the Laptev Sea shelf (Figs. 
1.1; 1.6 b). The Kasten cores, PS51/159-10 from the outer shelf and PS51/154-11 from the 
upper continental slope (see Table 2.1 for geographical information), were obtained during 
the RV Polarstern Expedition ARK-XIV/1b (PS51 Transdrift-V) in 1998. Subcores were taken on 
board by the scientific party. Both cores, PS51/154 and PS51/159, provide continuous 
sedimentary records. Taldenkova et al. (2010) described distinctly the lithological features of 
both sediment cores. A brief summary about their lithology is given in Figure 2.1 and Chapter 
3.  
2.1.1.1 The sampling 
10 g of sediment were taken in 10 cm steps throughout the entire sedimentary sequence of 
Core PS51/154. The sampling resolution was increased to 5 cm steps in the lowest 85 cm and 
the uppermost 50 cm since numerous sandy (IRD) layers are situated within these intervals.  
 
The same amount of sediment (~10 g) was sampled on Core PS51/159. Samples were taken 
every 5 cm from the bottom to 130 cm. The sampling interval was reduced to every 
centimeter from 130 cm to the core top, due to extremely reduced sedimentation rates 
within this interval.  
 
All samples were frozen at −20 °C in gas vials. The plastic cap was covered by aluminum foil 
to avoid contamination.   
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Figure 2.1 A scheme of the lithological composition of the sediment cores PS51/154 and PS51/159 according 
to Taldenkova et al. (2005, 2008, 2010). 
 
2.1.2 The Kara Sea cores 
Three gravity cores from the Kara Sea were selected for this thesis (Figs. 1.1; 1.6 b). Core 
BP99-04/7 from the Yenisei Estuary (incl. the multicorer core BP99-04/5), Core BP00-07/7 
from the southern and Core BP00-36/4 from the central Kara Sea (see Table 2.1 for 
geographical information). The cores were obtained during two expeditions BP99 and BP00 
with RV Akademik Boris Petrov in the years 1999 and 2000 (Stein and Stepanets, 2000, 2001). 
 
The cores consist of sediments accumulated on the shelf during the Holocene. With lengths 
of  ~560 - 800 cm, they document this time slice in a high-resolution. Their sedimentary 
sequences were described precisely by Stein et al. (2003b). A brief summary of their lithology 
is provided in Figure 2.2 and in Chapters 4 and 5.  
 
The scientific party performed the sampling directly on board. Therefore, freeze-dried sub-
samples of all three cores could be used for the biomarker analysis. Each core was sampled 
in 5 cm steps and outstanding sediment layers were sampled additionally. 
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Figure 2.2 A scheme of the lithological composition of the sediment cores BP99-04/7, BP00-07/7 and BP00-
36/4 according to Stein et al. (2003b). 
 
 
 
 
Table 2.1 Geographical information of the studied sediment cores (Stein and Stepanets, 2000, 2001). 
Core-ID Latitude (N) Longitude (E) Water depth (m) Recovery (cm) 
Laptev Sea     
PS51/154-11 77.276000 120.609833 270 674 
PS51/159-10 76.766667 116.031667 60 420 
Kara Sea     
BP99-04/5 73.414830 79.674660 32 30 
BP99-04/7 73.414830 79.674660 32 795 
BP00-07/7 74.657600 81.141100 38 723 
BP00-36/4 76.961783 81.963167 66 563 
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minutes under a pressure of 1000 psi. The compounds were extracted from the sediment 
using dichlormethane:methanol (2:1 v/v) as solvent. This extraction method was verified as 
accurate for the studied biomarkers and internal standards (see Fahl and Stein, 2012 and Belt 
et al., 2014). 
 
As next step, the total liquid extract (TLE) was separated into the sterol and hydrocarbon 
(non-polar lipids as IP25 and the HBI-diene) fractions via open column chromatography, with 
SiO2 as stationary phase (Fig. 2.1, Step 2). 5 ml of n-hexane and 6 ml of ethylacetate:n-hexane 
(20:80 v/v) were applied as solvents for the hydrocarbons and sterols, respectively. The sterol 
fraction was derivatized with 200 µl BSTFA (bis-trimethylsilyl-trifluoroacet-amide) for two 
hours at 60 °C to convert the sterols such as sterols to the TMSi (Trimethylsilyliodid)-ethers 
for optimal identification and quantification. 
The chemical preparation for compound-specific carbon stable isotope analysis at the 
biomarkers (at Core PS51/154, see Chapter 3) was performed as described above. Merely the 
sterol standard was changed to silylated-androstanol. 
 
 
 
 
Figure 2.4 The chromatogram with IP25, HBI-diene and 7-HND and the mass spectra of IP25 and the HBI-diene 
obtained from Core PS51/154 (5 cm sample). 
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2.3.2 Identification 
The identification of the compounds was carried out with Gas Chromatograph (GC) Agilent 
Technologies GC, series 6850 and 7850 (30 m DB-1MS column, 0.25 mm inner diameter, 0.25 
µm film) coupled with Agilent Technologies mass selective detector MSD, series 5975C VL 
and 5977 A Extractor (with Triple-Axis Detector, 70eV constant ionization potential, Scan 50-
550 m/z, 1 scan/s, ion source temperature 230 °C). GC analyses were performed at both 
devices with the following temperature program for the hydrocarbons: 60 °C (3 min), 150 °C 
(rate: 15 °C/min), 320 °C (rate: 10 °C/min), 320 °C (15 min isothermal) and for the sterols: 60 °C 
(2 min), 150 °C (rate: 15 °C/min), 320 °C (rate: 3 °C/min), 320 °C (20 min isothermal). 1 µl per 
sample was injected and helium was used as carrier gas for both programs. 
 
The identification of the compounds was carried out, firstly, by comparison of their retention 
times with the stated retention times of the reference compounds. And secondly, the 
compound’s fragmentation pattern in the mass spectra (cf. Figs. 2.5, 2.6, 2.7) is compared with 
the published reference mass spectra, i.e., for sterols see Boon et al. (1979) and Volkman 
(1986), for IP25 see Belt et al. (2007), and for HBI-diene see Johns et al. (1999). 
In some cases, it is not possible to obtain a spectra for IP25 since the molecule abundances 
are to low. Alternatively, IP25 can be quantified applying its molecular ion m/z 350 in the 
selective ion monitoring (SIM). With this method lower abundances can be detected, 
however, more than one characteristic ion of IP25 should be identified for approved 
recognition. The Kovats index calculated for IP25 is 2086.  
 
2.3.3 Quantification 
The quantification of IP25 and the HBI-diene was done by comparison of their characteristic 
molecular ions (m/z 350 for IP25 and m/z 348 for HBI-diene) and the abundant fragment ion 
m/z 266 of the internal standard (7-hexylnonadecane, 7-HND) in the SIM mode. As the ions of 
the internal standard and the IP25 molecule occur with different responses, an external 
calibration has to be applied to compensate the imbalance. The required linear relationship 
of ion response and concentration is given by the studied ions in the total ion current (TIC) as 
well as in the SIM mode (see Fahl and Stein, 2012). Calibration curves are applied with a 
standard deviation of R2=0.99. The detection limits for quantification using the introduced 
GC-MS systems are 10 ng mL-1 and 5 ng mL-1, respectively (i.e., 0.10 and 0.05 ng/g for 
sediment). 
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Figure 2.5 The chromatogram (TIC) with the studied substances and mass spectra of brassicasterol, dinosterol, 
campesterol and ß-sitosterol obtained from a sample taken at 4 cm from Core PS51/159. 
 
Brassicasterol, campesterol, "-sitosterol, and dinosterol were quantified as trimethylsilyl 
ethers using the molecular ions m/z 470, m/z 472, m/z 486, and m/z 500, respectively, in 
relation to the molecular ion m/z 464 of cholest-5-en-3b-ol-D6. The retention indices for 
brassicasterol, campesterol, "-sitosterol, and dinosterol (all as trimethysilyl ester) were 
calculated to be 1.017, 1.042, 1.076, and 1.091 (normalized to cholest-5-en-3!-ol-D6 set to be 
1.000), respectively.  
 
In the last step, the biomarker concentrations were corrected to the amount of extracted 
sediment and related to the individual TOC content of each sample.  
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CHAPTER 3 
 
Post-glacial variability in sea ice cover, river run-off and biological 
production in the western Laptev Sea (Arctic Ocean) - A high-
resolution biomarker study.  
 
T. Hörner1, R. Stein1, K. Fahl1, D. Birgel2 
 
1 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Am Alten Hafen 
26, 27568 Bremerhaven, Germany 
2 Institute of Geology, University of Hamburg, Bundesstraße 55, 20146 Hamburg, Germany 
 
 
3 Abstract 
Multi-proxy biomarker measurements were applied on two sediment cores (PS51/154, 
PS51/159) to reconstruct sea ice cover (IP25), biological production (brassicasterol, dinosterol) 
and river run-off (campesterol, !-sitosterol) in the western Laptev Sea over the last ~17 ka 
with unprecedented temporal resolution. The absence of IP25 from 17.2 to 15.5 ka, in 
combination with minimum concentration of phytoplankton biomarkers, suggests that the 
western Laptev Sea shelf was mostly covered with permanent sea ice. Very minor river run-
off and restricted biological production occurred during this cold interval. From ~16 ka until 
7.5 ka, a long-term decrease of terrigenous (riverine) organic matter and a coeval increase of 
marine organic matter reflect the gradual establishment of fully marine conditions in the 
western Laptev Sea, caused by the onset of the post-glacial transgression. Intensified river 
run-off and reduced sea ice cover characterized the time interval between 15.2 and 12.9 ka, 
including the Bølling/Allerød warm period (14.7 - 12.9 ka). Prominent peaks of the DIP25 index 
coinciding with maximum abundances of subpolar foraminifers, are interpreted as pulses of 
Atlantic water inflow on the western Laptev Sea shelf. After the warm period, a sudden return 
to severe sea ice conditions with strongest ice-coverage between 11.9 and 11 ka coincided 
with the Younger Dryas (12.9 - 11.6 ka). At the onset of the Younger Dryas, a distinct 
alteration of the ecosystem (reflected in a distinct drop in terrigenous and phytoplankton 
biomarkers) was detected. During the last 7 ka, the sea ice proxies reflect a cooling of the 
Laptev Sea spring/summer season. This cooling trend was superimposed by a short-term 
variability in sea ice coverage, probably representing Bond cycles (1500 ±500 ka) that are 
related to solar activity changes. Hence, atmospheric circulation changes were apparently 
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able to affect the sea ice conditions on the Laptev Sea shelf under modern sea level 
conditions. 
3.1 Introduction 
Positive feedback mechanisms occurring in the Arctic lead to amplified responses to 
environmental changes (Arctic amplification) (Lawrence et al., 2008; Serreze and Barry, 2010). 
The sensitivity of the Arctic climate system is strongly affected by the abundance of sea ice 
that chiefly affects the salinity balance of the Arctic Ocean and the heat and moisture 
transfer between ocean and atmosphere. Consequently, sea ice distribution influences the 
Atlantic Meridional Overturning Circulation (AMOC) (Dieckmann and Hellmer, 2008) and the 
atmospheric circulation pattern (Overland and Wang, 2010). Furthermore, sea ice contributes 
to the albedo feedback mechanism that amplifies a climatic forcing and affects the marine 
primary production (Loeb et al., 1997; Dieckmann and Hellmer, 2008; Stein, 2008a). Over the 
last 30 years, a global temperature increase (Johannessen et al., 1995; Grotefendt et al., 1998; 
Dickson, 1999) and a significant reduction in Arctic summer sea ice have been observed 
(Johannessen et al., 2004; Francis et al., 2005; Serreze et al., 2007; Stroeve et al., 2007, 2012). 
Historical sea ice minima have been recorded for late summer of 2007 (Serreze et al., 2007; 
Comiso et al., 2008; Kwok and Rothrock, 2009; Miller et al., 2010) and 2012 (National Snow 
and Ice data center; http://nsidc.org), which are not expressed by climate models (Stroeve et 
al., 2007, 2012). Since the Arctic sea ice is diminishing at an alarming rate, it is fundamental to 
better understand its behavior under varying climatic conditions. In order to improve and 
validate models predicting the future development of the sea ice extent, a better knowledge 
about past changes in sea ice cover is essential. 
Shelf areas like the Laptev Sea (Fig. 3.1) represent important locations for studying various 
environmental processes, such as sea ice production and export, primary production and the 
input of nutrients and terrigenous matter from land. For these reasons, the area is suggested 
to be an appropriate region for monitoring climate variability (Bauch and Kassens, 2005).  
 
In this study, we provide the first continuous high-resolution sea ice reconstruction on two 
nearby sediment cores (PS51/154-11 and PS51/159-10; Fig. 3.1) from the western Laptev Sea 
over the last ~17 ka by means of IP25 (ice proxy with 25 carbon atoms, Belt et al., 2007). In 
addition, we reconstructed river run-off and biological production based on biomarker 
analyses. The multi-proxy approach enables us to address the linkage between sea ice 
distribution and riverine discharge (Antonov, 1978; Dean et al., 1994; Searcy et al., 1996; 
Bareiss et al., 1999) and primary production (Legendre et al., 1992) that are crucial processes 
for the Laptev Sea’s environment and the entire Arctic Ocean.  
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Figure 3.1 An overview map showing the Arctic environment (on the left) with the major ocean currents 
according to Rudels et al. (2005) and the sites of the sediment cores PS51/154, PS51/159 and PS2458 located in 
the Laptev Sea.  A more detailed (bathymetry) map of the Laptev Sea is displayed on the right (The International 
Bathymetric Chart of the Arctic Ocean (IBCAO), http://www.ibcao.org). 
 
IP25 has become a widely accepted proxy for paleo-sea ice reconstructions (Massé et al., 2008; 
Müller et al., 2009; Varé et al., 2010; Fahl and Stein, 2012; Stein et al., 2012; Belt and Müller, 
2013; Cabedo-Sanz et al., 2013; Müller and Stein, 2014). However, IP25 has so far not been 
applied for sea ice reconstructions in the western Laptev Sea. One aim of the study is to 
obtain information about sea ice conditions (at a high temporal resolution), during intervals 
of intense ice-rafted debris (IRD) deposition on the western Laptev Sea shelf, during the last 
deglaciation and the mid to late Holocene (Taldenkova et al., 2010). IRD depositions were 
inferred to reflect phases of local ice-cap expansion on the Severnaya Zemlya Islands (Fig. 
3.1). Fahl and Stein (2012) observed climatic-induced variations in the seasonal sea ice cover 
of the eastern Laptev Sea. Including their results allows a west - east comparison of the 
Laptev Sea’s environment, since there might be regional differences due to the influences of 
the mostly eastwards flowing Lena River plume or the local ice sheets in the western part. 
Moreover, we are expecting to gain our knowledge about the environmental conditions 
during the late Holocene in this region, since the reconstructions by Fahl and Stein (2012) are 
documented in low resolution during this period.  
Investigating both sediment cores, PS51/154-11 and PS51/159-10, from the western Laptev 
Sea offer unprecedented, continuous high-resolution biomarker-reconstructions that provide 
insights into the development of the environment (e.g., sea level rise) on the shelf.  
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3.1.1 Significance of organic biomarkers for environmental reconstructions 
For our environmental reconstruction, i.e. sea ice cover, river run-off and biological 
production, specific biomarkers were used. 
(1) Indicators for sea ice 
The presence of sea ice can be reconstructed by means of the direct proxy IP25 (Belt et al., 
2007). IP25 is a highly branched isoprenoid (HBI) molecule (a monoene with 25 carbon atoms) 
synthesized only by specific sea ice diatoms (Brown et al., 2014). When using IP25 one has to 
consider, that the absence of IP25 may be the result of two different scenarios, i.e., either ice-
free conditions or permanent ice cover (Müller et al., 2009). To distinguish between these two 
scenarios, IP25 can be combined with phytoplankton biomarkers (e.g., brassicasterol and 
dinosterol) to determine the phytoplankton marker-IP25 index (PIP25 index) (cf., Müller et al. 
2011; EQ 1). The PIP25 index approved to be an appropriate proxy for sea ice coverage, as 
demonstrated by correlations with satellite observations (Müller et al., 2011). As 
phytoplankton marker concentrations are conspicuously higher compared to IP25 
concentrations, a balance factor C has been introduced (cf., Müller et al., 2011; EQ 2).  
 
 
(3) PIP25 = IP25 / (IP25 + (phytoplankton biomarker x C)) 
 
(4) C = mean (IP25) / mean (phytoplankton biomarker) 
 
 
Although meanwhile the PIP25 approach has been used successfully in several studies (e.g., 
Fahl and Stein, 2012; Cabedo-Sanz et al., 2013; Müller and Stein, 2014; Stein et al., 2016), this 
approach still has its limitations and needs further validation with ground truth data and 
additional data from other Arctic areas (Stein et al., 2012; Belt and Müller, 2013; Weckström 
et al., 2013; Smik et al., 2016). Referring to this, Xiao et al. (2013, 2015) essentially enlarged 
and critically discussed the data from other Arctic areas. Furthermore, Smik et al. (2016) 
introduced a HBI-triene as phytoplankton biomarker, a new approach that is far less 
dependent on the balance factor C. This seems to be an important improvement for paleo-
sea ice reconstructions and comparison of records from different Arctic areas. 
Another sea ice proxy might be the HBI-diene (C25: 2) that has been found in marine sediments 
from both the Arctic Ocean and the Southern (polar) Ocean (Belt et al., 2007; Vare et al., 2009; 
Massé et al., 2011). The similar variability of the two compounds, i.e., IP25 and the HBI-diene, 
in records from Arctic sea ice-covered areas (e.g., Vare et al., 2009) and the occurrence of the 
HBI-diene in sediments from various sea ice-covered locations around Antarctica, are 
interpreted as strong evidence that these two compounds are originated from the same 
source, i.e., sea ice diatoms (Massé et al., 2011). However, the HBI-diene has been also found 
in more temperate regions (Barrick et al., 1980; Volkman, 1983; Yruela et al., 1990; Summons 
Chapter 3 - Post-glacial variability in sea ice cover, river run-off and biological production in the Laptev Sea - 
 
    39 
et al., 1993), suggesting that this molecule might not be an ultimate ice proxy biomarker like 
IP25. Recently, He et al. (2016) identified the HBI-diene in a freshwater wetland (in the Florida 
Everglades). Furthermore, Rowland et al. (2001) suggested that a higher proportion of the 
HBI-diene is related to higher temperature that is favorable for the synthesis of double 
bonds. In this context, there are some studies of Laptev Sea sediments suggesting a positive 
correlation between the ratio of the HBI-diene and IP25 (DIP25) and the surface water 
temperature (Fahl and Stein, 2012; Xiao et al., 2013). The reason for this correlation, however, 
is to date not fully understood. For example, Cabedo-Sanz et al. (2013) did not find any 
correlation between the DIP25 index and SST in their study of a sediment core from the area 
off northern Norway. Instead, these authors interpreted the DIP25 index as an indicator for 
sea ice variability only. 
(2) Indicators for organic carbon sources 
Specific sterols are often used as indicator for various organic-matter sources. For example, 
brassicasterol and dinosterol are often used as indicator for a marine phytoplankton (e.g., 
Volkman 1986, 2006; Volkman et al. 1993). The interpretation of the productivity biomarker 
brassicasterol, however, is limited within a riverine-dominated regime (Fahl and Stein, 1999), 
since it can be synthesized by both marine as well as by fluvial derived freshwater diatoms. 
Thus, a clear assignment to the source of this biomarker appears to be difficult. !-sitosterol 
and campesterol on the other hand, are predominantly produced by vascular land plants 
(e.g., Huang and Meinschein 1976; Volkman 1986), although these sterols were also found in 
a few marine organisms (Volkman et al., 2008; Rontani et al., 2014). Nevertheless, these 
sterols are applied successfully as biomarker proxies for terrigenous input in the Arctic (e.g., 
Fahl and Stein, 1997, 1999, 2007; Xiao et al., 2013, 2015), especially when combined with 
lithogenic sediment fluxes (Fahl and Nöthig, 2007). 
3.1.2 Study area 
The Laptev Sea shelf is approximately 800 km wide and on average 50 m deep (Jakobsson, 
2002). The shelf break is located between 70 and 100 m water depth and the foot is the 
continental slope at 1700 m (Fig. 3.1). Given the generally shallow water depth, it is a 
sensitive area for sea level fluctuations. Several paleo-river valleys exist on the shelf (Bauch 
et al., 1999; Kleiber and Niessen, 1999; Darby, 2006). They were flooded during the post-
glacial transgression between 16 and 5 ka (Fairbanks, 1989; Bauch et al., 2001). The Lena, 
Yana, Anabar, Olenek and Khatanga rivers drain into the Laptev Sea with maximum discharge 
during and after spring (Pivovarov et al., 1999; Wegner et al., 2005). Recently, river discharge 
and suspended sediment load from Eurasian rivers have increased (Peterson et al., 2002; 
Zhang et al., 2012), reaching a maximum in the summer of 2007 with a discharge of ca. 2200 
km3/year (Shiklomanov and Lammers, 2010). Freshwater and suspended sediment arriving in 
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Fram Strait, where it is exported into the Atlantic Ocean (Reinitz and Lammers, 1992; Dethleff 
et al., 1993; Nürnberg et al., 1994; Reimnitz et al., 1994; Eicken et al., 1997; Stein and 
MacDonald, 2004). Warm and saline Atlantic Water entering the Arctic Ocean through the 
Fram Strait reaches the Laptev Sea via the Barents Sea- or Fram Strait-Branches (Rudels et al., 
2005) (Fig. 3.1).  
3.2 Material and Methods 
3.2.1  Material 
The two studied sediment cores PS51/154-11 and PS51/159-10 were recovered in the western 
Laptev Sea (Fig. 3.1) during the RV Polarstern Expedition ARK-XIV/1b (PS51 Transdrift-V) in 
1998. Core PS51/154-11 was taken on the upper continental slope (270 m water depth), 
whereas Core PS51/159-10 was taken closer to the coastline (60 m water depth) on the outer 
shelf (Tab. 3.1).  
 
Table 3.1 Locations of the sediment cores analyzed or referred to in this study. 
Core-ID Latitude [N] Longitude [E] Water depth [m] Recovery [cm] 
PS51/154-11 77.276000 120.609833 270 674 
PS51/159-10 76.766667 116.031667 60 420 
PS2458 78.166667 133.398333 938 800 
 
3.2.1.1 Lithology 
Both cores, PS51/154 and PS51/159, provide continuous sedimentary records. Core PS51/154 
consists of greyish, clayey silt and silty clay with incorporated sandy lenses in the lowest two 
meters and bioturbation above. The sediment of Core PS51/159 is dark-greyish silty clay that 
is bioturbated. A detailed lithological description of both cores is provided by Taldenkova et 
al. (2010). These authors divided the sedimentary sequences into units (see Chapter 2.1.1; Fig. 
2.1). 
 Core PS51/154: Unit 1 (700 - 570 cm) is devoid of fossils, consists of layers of IRD and 
authigenic concretions (vivianite and rhodochrosite). Unit 2 (570 - 50 cm) is bioturbated, 
fossils and plant debris are abundant and IRD layers are absent. In general, the sand content 
(i.e., fraction >63 µm) varies between 2 and 10 weight percentage (wt-%). At the base a 
prominent sandy layer composed of 70 wt-% of fraction >63 µm and additional sandy layers 
are present. Unit 3 (50 - 5 cm) is characterized by very low sedimentation rates and high 
amounts of IRD (>63 µm fraction 20 - 25 wt-%) and fossils. 
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Core PS51/159: In Unit 1 (420 - 200 cm) plant debris is abundant and sedimentation rates are 
very high. At the base of Unit 2 (200 - 4 cm) the sand fraction is highly variable. Throughout 
Unit 2 IRD deposition is present. Both units are bioturbated. 
 
Figure 3.3 The calibrated 14C ages (determined at the Leibniz Laboratory for Radiometric Dating and 
Stable Isotope Research in Kiel) of Core PS51/154 (above) and Core PS51/159 (below) are plotted against 
depth (modified after Taldenkova et al. 2010). The age-depth relationship shows changes in the 
sedimentation rate given on the right x-axes. Two datings, determined for this study are indicated by red-
colored dots. The validity of the dating at 51 cm (10.208 ka) of Core PS51/154 is doubted, because it 
suggests a large change in sedimentation rate (dashed line). However, excluding this dating revealed no 
significant changes for interpretations.  
 
3.2.1.2 Chronology 
The chronology of the cores PS51/154 and PS51/159 is based on 13 and 9 AMS 14C 
(accelerator mass spectrometry) datings, respectively, using calcareous fossils (bivalves and 
microfossils). The age models of both cores were developed by Taldenkova et al. (2010) (Fig. 
3.3). A reservoir age of 370 years was assumed for the modern Laptev Sea and the dates were 
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converted into calendar years before present (BP) (ka = 1000 years BP) using Calib 7.1 
(marine 13.14c dataset) by Stuiver and Reimer (1986, 1993). Probably, the reservoir age 
varied slightly during the last 16 ka (Werner and Sarnthein, 2016) but for a direct comparison 
of our data with published proxy records of these cores, we applied the published age model. 
Two additional 14C AMS ages (indicated in Figure 3.3), determined for this study, were 
processed as described above. The dating of Core PS51/159 at 72.5 cm (7.186 ka) points to an 
age reversal (dating of the previous age model at 90 cm dates 6.75 ka) (Fig. 3.3). This is 
probably the result of bioturbation or due to different organisms that have been applied for 
age determinations. As both datings plot equally around the linear sedimentation rate, we 
use the previous age model for a better comparability of the proxies. Figure 3.3 illustrates 
changes in the sedimentation rate over time for both cores. An overall decreasing trend can 
be observed at both sites, though at various rates. A significant drop in the sedimentation 
rate on the upper continental slope (1100 cm/ka to 50 cm/ka) occurred at 11 ka (Core 
PS51/154). On the outer shelf (Core PS51/159), a similar transition took place at 9.5 ka (370 
cm/ka to 13 cm/ka).  
3.2.1.3 Organic geochemical proxies and analyses 
For this study the Total Organic Carbon (TOC), four specific sterols, 24-methylcholesta-5,22E-
dien-3!-ol (brassicasterol), 4#-23,24-trimethyl-5#-cholest-22E-en-3!-ol (dinosterol), 24-
ethylcholest-5-en-3!-ol (!-sitosterol) and 24-methylcholest-5-en-3!-ol (campesterol), the 
HBI-monoene (IP25) and the HBI-diene were analyzed for environmental reconstructions.  
Since a clear assignment to the source of brassicasterol appears to be difficult, compound 
specific carbon stable isotope analyses were carried out to obtain a source-specific isotopic 
signature of this biomarker molecule (Rieley et al., 1991). However, the identification of the 
source of brassicasterol remains challenging. Nevertheless, the stable isotopic approach 
provides a basis for identifying different sources within this riverine-dominated regime. Since 
there is strong evidence that different sources of brassicasterol occur in Core PS51/154 
during a specific time interval (see Chapter 3.4.2), the PIP25 index was not used for this 
sediment core. Thus, we only calculated the PIP25 index (cf., Müller et al., 2011, EQ 1) for Core 
PS51/159. The DIP25 index was calculated for both cores. 
 
The sediment samples were freeze-dried and homogenized for organic geochemical 
analyses. 100 µg of the sediment was used for the determination of the TOC content (ELTRA 
Analyser) and 5 to 6 grams of the material was extracted by using an Accelerated Solvent 
Extractor (DIONEX, ASE 200; 100 °C, 5 min, 1000 psi) using dichlormethane:methanol (2:1 v/v) 
as solvent. 
Prior to any analytical step, the internal standards (7-hexylnonadecane (0.076 µg/sample), 
squalane (2.4 µg/sample) and cholest-5-en-3 !-ol-D6 (11 µg/sample) were added for 
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quantification. Sterols and hydrocarbons were separated by open column chromatography 
(SiO2) with n-hexane (5 ml) and ethylacetate:n-hexane (6 ml, 20:80 v/v) as solvents. The latter 
fraction was silylated with 200 µl BSTFA (bis-trimethylsilyl-trifluoroacet-amide) (60 °C, 2 h). 
The identification of the compounds was carried out with a Gas Chromatograph (GC) Agilent 
Technologies GC 6850 (30 m DB-1MS column, 0.25 mm inner diameter, 0.25 µm film) coupled 
with an Agilent Technologies 5975C VL MSD mass selective detector (with Triple-Axis 
Detector, 70eV constant ionization potential, Scan 50-550 m/z, 1 scan/s, ion source 
temperature 230 °C). Helium was used as carrier gas. GC analyses were performed with the 
following temperature program for the hydrocarbons: 60 °C (3 min), 150 °C (rate: 15 °C/min), 
320 °C (rate: 10 °C/min), 320 °C (15 min isothermal) and for the sterols: 60 °C (2 min), 150 °C 
(rate: 15 °C/min), 320 °C (rate: 3 °C/min), 320 °C (20 min isothermal). Component assignment 
was based on comparison of gas chromatography (GC) retention times with those of 
reference compounds and published mass spectra (for sterols see Boon et al. (1979) and 
Volkman (1986), for IP25 see Belt et al. (2007), and for the HBI-diene see Johns et al. (1999)). 
For the quantification of IP25 and the HBI-diene their molecular ion (m/z 350 for IP25 and m/z 
348 for HBI-diene) in relation to the abundant fragment ion m/z 266 of the internal standard 
(7-hexylnonadecane, 7-HND) was used (selected ion monitoring, SIM mode). The different 
responses of these ions were balanced by an external calibration (see Fahl and Stein, 2012). 
The Kovats index calculated for IP25 is 2086. The detection limit for quantification of IP25 using 
the GC-MS system described is 10 ng mL-1 (0.10 ng/g for sediment). 
Brassicasterol, campesterol, "-sitosterol, and dinosterol were quantified as trimethylsilyl 
ethers using the molecular ions m/z 470, m/z 472, m/z 486, and 500, respectively, in relation 
to the molecular ion m/z 464 of cholest-5-en-3b-ol-D6. The retention indices for 
brassicasterol (as trimethysilyl ester), campesterol (as trimethysilyl ester), "-sitosterol (as 
trimethysilyl ester), and dinosterol (as trimethysilyl ester) were calculated to be 1.017, 1.042, 
1.076, and 1.091 (normalized to cholest-5-en-3!-ol-D6 set to be 1.000), respectively. Finally, 
the biomarker concentrations were corrected to the amount of extracted sediment. 
3.2.1.4 Compound-specific carbon isotope analysis 
The analytical preparation for the biomarker extraction and determination has been 
performed as described above. Moreover, the sterol standard has been changed to silylated-
androstanol. Compound-specific carbon isotope analysis was performed with a Thermo 
Fisher Trace GC Ultra connected via a Thermo Fisher GC Isolink interface to a Thermo Fisher 
Delta V Advantage spectrometer at the Department of Terrestrial Ecosystem Research, 
University of Vienna. Compound-specific carbon isotope values are given as "13C values in 
per mil (‰) relative to the Vienna Pee Dee Belemnite (V-PDB). Prior to the compound-
specific measurements of the sterols, each sample was verified on the GC-MS for potential 
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co-elutions of the chosen compounds (brassicasterol, dinosterol, "-sitosterol, campesterol). 
Only "-sitosterol and campesterol were not affected by co-elutions for the entire set of 
samples, but campesterol was often found with very low contents. Dinosterol unfortunately 
was co-eluting with another compounds for the entire core. Brassicasterol was either 
concentrated too low or was affected by co-elution. Generally, all results shown in Table 3.2 
only contain "13C values, which were run at least in triplicate measurements. All other results 
were indicated in Table 3.2 as ‘not detectable’ (see also Table 3.2). All "13C values of sterols 
were corrected for the addition of the trimethylsilyl carbons after derivatisation. The 
analytical conditions for the compound-specific isotope measurements were identical to 
those described above. Each measurement was calibrated using several pulses of CO2 of 
known isotopic composition prior to and after the run. The precision of the instrument was 
checked with an n-alkane mixture (C14 to C38) of known isotopic composition. Analytical 
standard deviation was < 0.7 ‰. 
3.2.1.5  Spectral analysis 
Time series analyses were performed using the IP25 data set of Core PS51/159. The linearity-
detrended record was analyzed with AnalySeries (Paillard et al., 1996). In order to identify the 
periodicities, the Blackman-Tukey probability distribution was calculated (see Appendix A1). 
The periodicities were determined with 99 % confidence and are provided in the 
supplementary data. The key periodicity and band-passed filtered (1/1800 years) data are 
also provided in the supplementary data. (see Appendix A2, band-widths= 0.1, 0.05, 0.001). 
3.3 Results 
3.3.1  Organic carbon and biomarker records  
3.3.1.1  The upper continental slope - Core PS51/154 
The TOC content is at ~0.8 % and decreases at 50 cm to ~0.5 %. Between 550 and 500 cm and 
at 383 cm are some excursions to lower values (~0.4 %) and one outstanding peak is located 
at 270 cm (1.6 %) (Fig. 3.4).  
The variability of the biomarker records mostly adjusts to the lithological units those were 
described by Taldenkova et al. (2010) (Fig. 3.4; see Chapter 2.1.1, Fig. 2.1 for the lithology). 
Merely, the transition between Unit 2 and 3 is reflected in biomarker concentrations by a 
distinct decrease somewhat earlier (at 120 cm). 
Unit 1 (674 - 570 cm): All proxies display relatively low and constant concentrations (~0.1 
µg/g TOC for the HBI-diene, ~5 - 10 µg/g TOC for brassicasterol and dinosterol; ~110 µg/g 
TOC for the terrigenous biomarkers, IP25 is mostly absent or below the detection limit). 
However, minor peaks in !-sitosterol, IP25 and the HBI-diene are all located at ~630 cm 
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sediment depth. The boundary between Units 1 and 2 is characterized by (partly significant) 
increases in the contents of all proxies (IP25, HBI-diene, terrigenous biomarkers, 
brassicasterol, dinosterol and TOC increase on average by the factors of 14, 4.5, 5, 3, 3 and 2, 
respectively). 
 
Figure 3.4 Biomarker concentrations (µg/g TOC) and TOC (wt. %) of Core PS51/154 (upper continental slope) 
versus depth. Red triangles mark compound-specific carbon stable isotope measurements on all sterols (see 
Table 3.2). The carbon stable isotope values of the terrigenous biomarkers are constant (mean value of -30 
‰). The grey-shaded rectangle frames the interval of unusually high brassicasterol concentrations compared 
to dinosterol concentrations, accompanied by relatively high terrigenous biomarker concentrations and 
comparatively lighter isotopic value of brassicasterol (Tab. 3.2). Black triangles mark the depths of the AMS 
14C datings, values give the determined ages in thousand years. The horizontal black lines are arbitrary 
auxiliary lines to highlight the similar pattern of the HBI-diene and terrigenous biomarkers. 
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Unit 2 (570 - 50 cm): The concentrations of the various proxies are generally higher and more 
variable.  
IP25 concentrations are between 0.01 and 0.4 µg/g TOC from 580 cm until 380 cm and 
increase between 380 until 200 cm up to 1.6 µg/g TOC. This increase is followed by a decline 
to values of about 0.8 µg/g TOC.  
HBI-diene concentrations increase to 13.3 µg/g TOC between 570 and 540 cm, decrease 
afterwards throughout the Unit 2 to ~4 µg/g TOC. At 530 cm, 505 cm and 450 cm the values 
decline rapidly to ~2 µg/g TOC, whereas at 200 cm a peak of 6.4 µg/g TOC takes place. After 
a steep increase towards more than 800 µg/g TOC at the base of this Unit, the terrigenous 
biomarker concentrations are on average 500 µg/g TOC in the first part (550 - 330 cm), apart 
from two maxima peaks at 383 and 430 cm. The concentration drops to 150 µg/g TOC 
between 330 and 280 cm and increases to previous values afterwards, followed by a slight 
decrease to the end of this Unit. Brassicasterol concentrations increase from ~10 µg/g TOC to 
~55 µg/g TOC throughout Unit 2, whereas dinosterol concentrations increase from ~5 µg/g 
TOC to 30 µg/g TOC, but then the concentration decrease at ~300 cm to ~20 µg/g TOC and do 
not increase back to previous levels. Within the interval from 270 to 120 cm, brassicasterol 
concentrations are twice as high as dinosterol concentrations (Fig. 3.4).  
 
Table 3.2 Compound-specific carbon stable isotope measurements of sterols of Core PS51/154. For some 
samples the "13C values (‰) could not be determined due to co-elution or too low concentrations. 
Depth [m] brassicasterol dinosterol !-sitosterol campesterol 
0.455 -29 co-elution -29 -31 
1.195 -34 co-elution -31 -32 
1.795 ND co-elution -30 ND 
2.595 co-elution co-elution -29 -30 
2.795 ND co-elution -31 ND 
3.835 co-elution co-elution -30 -30 
4.495 co-elution co-elution -29 -31 
4.995 co-elution co-elution -30 -29 
5.415 co-elution co-elution -29 -31 
5.795 ND co-elution -28 ND 
6.145 ND co-elution -27 ND 
6.295 ND co-elution -31 ND 
ND: not detectable. 
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Compound-specific carbon stable isotope analyses revealed values of -34 ‰ for 
brassicasterol within this interval (Tab. 3.2). Interestingly, in the upper 120 cm of the 
sedimentary sequence, its isotopic composition is heavier (-29 ‰; Tab. 3.2). In contrast, the 
isotopic composition of terrigenous biomarkers is constant between -31 ‰ and -29 ‰ over 
the entire record. A marked decrease in the contents of most proxies occurs at 120 cm (IP25: 
0.9 to 0.5 µg/g TOC, HBI-diene; 5 to 1 µg/g TOC, terrigenous biomarkers: 400 to 150 µg/g TOC, 
brassicasterol: 40 to 12 µg/g TOC and dinosterol: 22 to 6 µg/g TOC). Unit 3 (50 - 0 cm): The 
contents of most proxies decrease slightly throughout Unit 3. IP25 concentrations increase 
gradually to 1.6 µg/g TOC, apart from some minor fluctuations. The biomarker data (in µg/g 
TOC and in µg/ g sediment) are provided in the Appendix A3 and A4. Concentrations in µg/g 
sediment are illustrated in the Appendix A5. 
 
Figure 3.5 Biomarker concentrations (µg/g TOC) and TOC (wt. %) of Core PS51/159 from the outer shelf versus 
depth. White triangles mark the depths of the AMS 14C datings, values give the determined ages in thousand 
years. The horizontal black lines are arbitrary auxiliary lines to highlight the similarity of the HBI-diene and 
IP25 rather than terrigenous biomarkers.  
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3.3.1.2  The outer shelf region - Core PS51/159 
According to the lithological features, the records of Core PS51/159 can be divided into two 
units (Fig. 3.5). The TOC content varies between 0.4 and 1.6 % and decreases gradually in both 
units. 
Unit 1 (420 - 200 cm): It is characterized by relatively constant concentrations of all proxies. 
After an increase from 0.1 up to 1 µg/g TOC at the base of the core, IP25 is less variable and 
fluctuates around 1 µg/g TOC. The HBI-diene record displays a similar pattern to IP25. Their 
contents increase from about 0.2 to 0.4 µg/g TOC at the base of the core and vary around 0.3 
µg/g TOC afterwards. The concentrations of terrigenous biomarkers are high (300 - 400 µg/g 
TOC). Brassicasterol and dinosterol show little variability  (brassicasterol: 16 - 35 µg/g TOC; 
dinosterol: 3 - 18 µg/g TOC).  
Unit 2 (200 - 4 cm): The proxies show stronger fluctuations and distinct trends are 
recognizable. At 120 cm, maximum concentrations of terrigenous biomarkers (500 µg/g TOC) 
are reached, but they decline distinctly afterwards (to 50 µg/g TOC). Two peaks of higher 
phytoplankton biomarker concentrations are located at 75 and 85 cm (~34 µg/g TOC for 
brassicasterol; ~18 µg/g TOC for dinosterol). Dinosterol concentrations decrease from ~75 cm 
onwards to 5 µg/g TOC, whereas brassicasterol concentrations stay around the same level 
(~25 µg/g TOC). In contrast, IP25 and HBI-diene concentrations increase gradually towards the 
core top, up to 2.3 µg/g TOC and 0.7 µg/g TOC, respectively. A final phase of high (maximum) 
concentrations of IP25, HBI-diene, terrigenous and phytoplankton biomarker concentrations 
takes place in the upper 30 cm of the sediment core (IP25: 3.6 µg/g TOC; HBI-diene: 0.7 µg/g 
TOC; dinosterol: 16 µg/g TOC; brassicasterol: 57 µg/g TOC; terrigenous biomarkers: 250 µg/g 
TOC). The biomarker data (in µg/g TOC and in µg/ g sediment) are provided in the Appendix 
A6 and A7. Concentrations in µg/g sediment are illustrated in the Appendix A8. A 
concentration comparison of both cores is given in the Appendix A9. 
3.4 Discussion 
3.4.1 The post-glacial environment in the western Laptev Sea  
The organic carbon contents vary between 0.5 and 1.4 % in both sediment cores (Figs. 3.4; 
3.5). These values are characteristic for shelf and upper continental slope environments 
elsewhere in the Laptev Sea (Stein, 2008b). The organic carbon, accumulated in the Laptev 
Sea, is predominantly of terrigenous origin and mainly delivered from Siberian rivers. The 
terrigenous source of the organic matter is indicated by organic proxies such as high C/N 
ratios, low "13Corg values, high concentrations of terrigenous macerals (vitrinite, huminite), 
long-chain n-alkanes and lignin phenols (Fahl and Stein, 1997, 1999; Kattner et al., 1999; 
Boucsein and Stein, 2000; Lobbes et al., 2000; Mueller-Lupp et al., 2000; Stein and Fahl, 2004). 
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The high contents of terrigenous biomarkers !-sitosterol and campesterol in the cores 
PS51/154 and PS51/159 further support the predominance of terrigenous organic matter 
(Figs. 3.4; 3.5; Appendix A5; A8). Also in the northeastern Laptev Sea (Core PS2458) !-sitosterol 
and campesterol constitute the highest proportion of the studied biomarkers (Fahl and Stein, 
2012).  
 
 
Figure 3.6 3D maps show three different stages of the transgression at the Laptev Sea continental margin: (a) 16 
ka BP, (b) 9.5 ka BP, and (c) 7.5 ka BP. The Figure is taken from Taldenkova et al. (2010), supplemented by the 
positions of sediment cores studied and discussed in this paper (PS51/154, PS51/159, and PS2458).  
 
The Laptev Sea was unaffected by ice sheets during the last glacial (Svendsen et al., 2004), 
but still severe sea ice conditions might have prevailed. The eustatic sea level was 110 - 120 
m lower than today, and consequently the coastline was hundreds of kilometers further 
north. Between 17.2 and 15 ka, the site of Core PS51/154 was located close to the mouth of 
the Olenek and Lena rivers (Fig. 3.6, scenario (c) at ~16 ka). A cold and arid environment with 
permafrost soils, and a reduced vegetation period dominated the continental climate 
between ~17.6 and 15 ka as reconstructed from pollen data determined in various sediment 
archives from the Laptev Sea region as well as climate modeling (Tarasov et al., 1999; 
Hubberten et al., 2004; Andreev et al., 2011). Strongly diminished river run-off, weak erosion 
in the hinterland, due to frozen soils and reduced biological production are reflected by low 
terrigenous biomarker contents in our records (Fig. 3.8 b). During this interval, IP25 is mostly 
absent in Core PS51/154 coinciding with restricted brassicasterol concentrations and phases 
of enhanced ice-rafting, identified by IRD deposition (Taldenkova et al., 2010) (Figs. 3.7 c, d; 
3.8 d). According to the lithological composition of IRD, these authors assumed that the 
material potentially originated from the Severnaya Zemlya Islands (Fig. 3.1). Surface 
sediments within the Laptev Sea exhibit considerably diminished IP25 contents under 
permanent sea ice conditions or in vicinity of river mouths, most likely related to the riverine 
freshwater milieu that hampered sea ice algae growth (Xiao et al., 2013). 
According to the diminished terrigenous biomarkers during this phase pointing to extremely 
diminished river run-off, freshwater input might not have affected the IP25 concentrations. 
Today, fast ice borders the coastline during winter. Significantly cooler conditions, caused by 
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reduced solar insolation during that time (Fig. 3.7 a), probably led to a prolonged winter 
season and the formation of a near-shore permanent sea ice cover (fast ice or pack ice) 
above the core site. Abundant sea ice possibly blocked the river mouths temporarily and 
hampered primary productivity, due to limited nutrient supply and reduced light penetration 
to the surficial sea ice layer of the water column.  
 
 
 
Figure 3.7 IP25 concentrations, PIP25 (calculated with dinosterol (dashed line) and brassicasterol) and DIP25 indices 
(this study) and counts of ice-rafted debris (IRD) and subpolar foraminifers (Taldenkova et al., 2010) of cores 
PS51/154 (yellow) and PS51/159 (dark grey). In the biomarker plots, the same biomarkers analyzed at Core PS2458 
have been added (red, Fahl and Stein, 2012). Summer insolation (70°N) is taken from Laskar et al. (2004). All plots 
are shown versus age. Arrows indicate AMS 14C age determinations (black: PS51/154, white-black: PS51/159, white-
red: PS2458). It should be noted that the ages >14.7 ka of Core PS2458 and >15.4 ka of Core PS51/154 are 
extrapolated, and thus have to be taken with caution. The maximum of terrigenous biomarkers at about 15.8 ka in 
Core PS2458 may correlate with the maximum of Core PS51/154 at 15 ka that is verified by an age determination 
(Fig. 3.8). Therefore, the IP25 peak of Core PS2458 around 16 ka, interpreted as Heinrich Event 1 (H1) (Fahl and 
Stein, 2012), might have to be shifted towards the beginning of the B/A. Dashed vertical lines indicate short-term 
fluctuations of IP25, PIP25 index and IRD occurrence during the last 7 ka, probably following the Bond-cycle (ca. 
1500 ±500 years).  
HTM= Holocene Thermal Maximum; YD= Younger Dryas; B/A= Bølling/Allerød. 
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Here, IP25 and IRD data represent different sea ice conditions. Whereas absent IP25 most 
probably indicates permanent sea ice cover, enormous IRD deposition by icebergs from 
Severnaya Zemlya points to temporal open-water conditions. Considering the occurrence of 
IRD in combination with absent IP25 it is most likely that sea ice cover was predominantly 
permanent but broke up temporarily, allowing icebergs to drift around. However, the break-
up periods were apparently too short to allow the establishment of substantial biological 
activity. Moreover, the deposition of IRD possibly took place very rapidly, for instance as a 
result of iceberg dumping.  
 
A brief interval of higher terrigenous biomarker and brassicasterol concentrations and the 
occurrence of IP25 appear at ~16.4 ka in Core PS51/154 (Figs. 3.7 c; 3.8 b, d). Hence, stronger 
river run-off and growing sea ice algae probably reflect a longer break-up of (coastal) 
permanent ice and seasonally more open conditions near the coastline, also indicated by a 
change in the lithological properties of Core PS51/154 (see Chapter 2.1.1, Fig. 2.1). The 
freshwater input and consequently a more stratified water column combined with a cold, 
windy environment favored sea ice formation (Tarasov and Peltier, 2005; Bradley and 
England, 2008) and probably the re-establishment of a permanent sea ice cover afterwards.  
In the eastern Laptev Sea IP25 concentrations show a small, but significant maximum (Core 
PS2458; Fig. 3.7 c) at ~16 ka interpreted as more extended sea ice cover by Fahl and Stein, 
(2012). However, the ages are extrapolated and by comparison of the records from the 
eastern and the western Laptev Sea, the peak might rather belong to the beginning of the 
Bølling/Allerød (14.7 - 12.9 ka). The sterol records of the two sediment cores (PS2458 and 
PS51/154; Fig. 3.8 b, d) also show evidence for a temporal offset between 14.7 and 16 ka that 
is possibly related to an inaccuracy in the age model of Core PS2458.  
In the interval from 15.2 ka until 12.9 ka, IP25 concentrations are low in Core PS51/154. 
Although brassicasterol concentrations slightly increase, they remain relatively low, whereas 
the terrigenous biomarkers increase distinctly (Figs. 3.7 c; 3.8 b, d). The sea level was still low 
and the core site of PS51/154 was placed in the main depocenter of the Lena River (Fig. 3.6, 
scenario (c)at ~16 ka). Between 16 and 12 ka, the climate in the hinterland was reconstructed 
as warmer and moister with defrosting soils (Hubberten et al., 2004; Andreev et al., 2011), 
concurring with the Bølling/Allerød warm period (B/A; 14.7 - 12.9 ka). Thawing processes, 
higher precipitation rates and intensified erosion are reflected by very high terrigenous 
biomarker concentrations in Core PS51/154 (Fig. 3.8 b). Large amounts of suspended matter, 
eroded on land, would have drained directly onto the shelf. Moreover, a strong increase in 
TOC and biomarker accumulation rates document a warmer climate (Fig. 3.9). A sedimentary 
mass movement (debris flow or slump deposit) in the region at 15.4 ka (Taldenkova et al., 
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2008) probably triggered rearrangements of sediments and might have brought even more 
terrigenous material to the core site causing the drastic increase of !-sitosterol and 
campesterol concentrations after 15 ka (Core PS51/154; Fig. 3.8 b).  
 
 
 
Figure 3.8 Contents of biomarkers of cores PS51/154 (yellow) and PS51/159 (dark grey) (this study), and PS2458 (red) 
(Fahl and Stein, 2012) versus age. Oxygen stable isotope data of Core PS2458 from Spielhagen et al. (2005). The gap 
is related to an absence of planktic foraminifers within this interval. The blue-gray bar indicates the general post-
glacial sea level rise (cf., Bauch et al., 2001). Arrows indicate AMS 14C age determinations (black: PS51/154, white-
black: PS51/159, white-red: PS2458). The maximum of terrigenous biomarkers at about 15.8 ka in Core PS2458 is 
probably related to the maximum of Core PS51/154 at 15 ka that is verified by an age determination.  
HTM= Holocene Thermal Maximum; YD= Younger Dryas; B/A= Bølling/Allerød. 
 
Compared to the modern distribution of IP25 concentrations (Fig. 3.2), low IP25 values 
probably reflect a retreat of the fast ice and permanent ice front and an establishment of a 
seasonal ice cover with less sea ice during spring (predominately open-water conditions). 
Possibly, strong river discharge diminished the sea ice algae growth as described by Xiao et 
al. (2013), but nevertheless point to seasonal sea ice conditions. Surprisingly, primary 
production remained relatively low (although a minor gradual increase can be noticed), 
possibly due to a high suspended matter content in the water column, that is not favorable 
for marine primary production as also observed on the Norwegian continental shelf (Knies 
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and Vogt, 2003) and in the eastern Laptev Sea (Fahl and Stein, 2012). Increased suspension 
leads to scattering and absorbing sunlight that limits photosynthesis (Retamal et al., 2008).  
 
 
Figure 3.9 Biomarker (in µg/cm2/ka) and TOC (in g/cm2/ka) accumulation 
rates of Core PS51/154 (yellow/green) and Core PS51/159 (black/grey) 
between 8 and 16 ka. Note that the scales of the two cores are different. 
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In the Laptev Sea the reconstructed environmental conditions clearly point to a climatic 
warming, as also reflected in the western Barents Sea and off northern Norway by ice-free 
conditions between 14 and 12.9 ka (Belt et al., 2015) as well as between 13.8 and 12.9 ka 
(Cabedo-Sanz et al., 2013), respectively, and in other studies from the Arctic realm (e.g., by 
higher temperatures over Greenland (Grootes et al., 1993), higher biological production at 
the Yermak Plateau (Birgel and Stein, 2004) and less sea ice in the North Pacific and the 
Bering Sea (Méheust et al., 2015).  
Notably, maxima of the DIP25 index occur contemporaneously with maximum numbers of 
subpolar foraminifers in Core PS51/154 during the Bølling/Allerød warm period between 15.4 
and 12 ka (Fig. 3.7 e, f). The presence of subpolar foraminifers was interpreted as phases of 
enhanced warmer Atlantic subsurface water inflow (Fig. 3.1; Taldenkova et al., 2010). This 
seems to be in line with the work by Fahl and Stein (2012) who also described highest values 
of the DIP25 index within the warm Bølling/Allerød time interval in the eastern Laptev Sea 
(Core PS2458; Fig. 3.7 e). 
In Core PS51/159 HBI-diene and IP25 concentrations vary parallel throughout the entire 
record (Fig. 3.5) pointing to the same source of both molecules. In Core PS51/154, however, 
an entirely different picture is found (Fig. 3.4). Although the records show several 
synchronous peaks, the general trend is opposite beginning from 13.6 ka (380 cm), 
conspicuously during the last 6 ka (50 cm). Moreover, the amplitude of HBI-diene variability 
is higher when IP25 concentrations are low and vice versa. Most likely, a different or 
additional source for the HBI-diene must be considered in Core PS51/154, as for example by 
input of floc plants from wetlands (cf., He et al., 2016). The HBI-diene record and its 
interpretation may be supported by some correlation between the HBI-diene and is further 
supported by the good correlation with !-sitosterol and campesterol (Fig. 3.4). 
3.4.2 Climatic alterations between 12.9 and 8 ka  
The post-glacial history of the Siberian shelves was dramatically affected by the inundation 
that terminated in the Laptev Sea at ca. 7.5 ka (Fig. 3.6) (Bauch et al., 1999; Stein and Fahl, 
2000; Bauch et al., 2001). A very similar evolution was also recorded in the Kara Sea (Stein et 
al., 2003b, 2004). The regional decrease in sedimentation rates between 11 and 9.5 ka (Fig. 
3.3) is comparable to other records from the Laptev Sea (Bauch et al., 2001; Stein and 
MacDonald, 2004). The shelves were flooded and coastlines migrated southward, which had 
a profound effect on the depositional environment of the shelf areas (Bauch et al., 2001; 
Dittmers et al., 2003; Stein et al., 2003b, 2004; Stein and MacDonald, 2004). The increase of 
the distance between the core locations to the sediment sources explains the successive 
drop in sedimentation rates (Fig. 3.3). As a consequence, the main depocenter was shifted 
from the continental slope to the inner shelf. A gradual decline of terrigenous biomarkers 
Chapter 3 - Post-glacial variability in sea ice cover, river run-off and biological production in the Laptev Sea - 
 
    56 
started 14.7 ka ago and a subsequent increase of marine organic matter can be identified in 
Core PS51/154, as also documented in the biomarker record (Core PS2458) from the eastern 
Laptev Sea (Fahl and Stein, 2012; Fig. 3.8 b, d). The phytoplankton and terrigenous biomarker 
contents as well as the accumulation rates (Figs. 3.8 a, b, d; 3.9) indicate the ongoing flooding 
of the Laptev Sea shelf. Less terrigenous material reached the core location due to the 
increasing distance between core site and sediment sources and a full marine milieu 
established at the sites of cores PS51/154 and PS51/159 (Figs. 3.6; 3.8 a, b, d). A sharp 
decrease of very high terrigenous biomarker contents and maximum accumulation rates can 
be observed between 11 and 10 ka in Core PS51/154 whereas in Core PS51/159 a similar 
decline is observed about some hundred years later (between 10 and 9.5 ka) (Figs. 3.8; 3.9). 
These events of changing sediment accumulation rates that reflect phases of rapid 
transgression and a southward shift of the main depocenter, are also documented in other 
records from the Laptev Sea, i.e., cores PS2458, KD9502 and PS2725 (Fahl and Stein, 1999; 
Stein and Fahl, 2000; Stein and Mac Donald, 2004). Conditions similar to today were 
established at ~10 ka on the upper continental slope and at ~6.5 ka on the outer shelf (Figs. 
3.8; 3.9). 
 
Since 13 ka, IP25 concentrations increase in Core PS51/154, maximizing at 11 ka and 
diminishing sharply afterwards (Fig. 3.7 c). In Core PS51/159, IP25 concentrations increase 
from 12.2 ka onwards accompanied by increasing PIP25 values (maximum of ~0.6 at 11.9 ka; 
Fig. 3.7 b, c).  The increase of IP25 and the PIP25 index imply an intensification of 
spring/summer sea ice cover in the western Laptev Sea that is strongest during 11.9 and 11 
ka. In addition, the IP25 signal might be influenced by the occurrence of a winter polynya at 
the core site to some extent (for location of polynyas see Chapter 3.1.2). In a polynya 
environment, spring blooms of phytoplankton and sea ice algae may occur (Polyakova, 2003; 
Gaye et al., 2007; Kern, 2008), resulting in high IP25 and brassicasterol concentrations shown 
in surface sediments from the Laptev Sea (cf., Xiao et al., 2013). Notably, biological 
production and terrigenous biomarker concentrations drop significantly after 12.6 ka (Fig. 3.8 
b, d). Almost contemporaneously, a negative excursion of oxygen stable isotopes, measured 
on planktic foraminifers Neogloboquadrina pachyderma sin. (Spielhagen et al., 2005) and a 
drastic decline in terrigenous and phytoplankton biomarkers (Fahl and Stein, 2012) are 
documented in Core PS2458 (Fig. 3.8 c). These changes occurred concurrently with the onset 
of the Younger Dryas (YD) cooling event (12.9 - 11.6 ka; Stuiver et al., 1995), that was possibly 
triggered by the catastrophic drainage of Lake Agassiz (e.g., Broecker et al., 1988, 1989; Clark 
et al., 2001; Teller et al., 2002; Murton et al., 2010). This flooding event may have caused a 
freshening of the Arctic Ocean surface water (indicated by the negative carbon stable 
isotope values in Core PS2458, Spielhagen et al., 2005), increased sea ice formation and 
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finally increased freshwater/sea ice export via Fram Strait into the North Atlantic (cf. Fahl 
and Stein, 2012). Furthermore, the intrusion of a low-saline water mass might have caused a 
deflection of the Lena River plume on the Laptev Sea shelf, preventing the transport of 
terrigenous material to the site of Core PS51/154.  
Enhanced sea ice formation during the YD is also documented by elevated IP25 
concentrations in other circum-Arctic areas, e.g., in the Bering Sea/North Pacific (Méheust et 
al., 2015), in the Fram Strait (Müller and Stein et al., 2014), in the Barents Sea (Belt et al., 2015) 
and off northern Norway (Cabedo-Sanz et al., 2013). The latter two described a phase of 
higher IP25 values between 12.9 and 11.9 ka interpreted as more extensive spring sea ice 
formation and shortening of summer seasons followed by a phase of lower IP25 
concentrations attributed to a variable marginal ice zone and a short seasonal ice 
occurrence until 11.5 ka. Notably, the period of significant sea ice extension occurred in the 
western Laptev Sea between 11.9 and 11 ka, i.e., several hundreds of years later as in the 
other areas.  
 
 
Figure 3.10 Brassicasterol versus dinosterol concentrations in µg/g 
TOC. Time intervals are indicated by different coloration. A linear 
relationship of the sterols describes a marine origin of both 
molecules. The grey-shaded area marks an excess of 
brassicasterol during a specific time interval. This points to a 
temporary additional source for brassicasterol. 
 
After 11.8 ka, the supply of terrigenous sediments to the core site increased again to pre-YD 
levels in Core PS51/154 (Fig. 3.8 b) and sediment accumulation reached maximum values 
between 11.5 and 10 ka in both cores (Fig. 3.9). Other studies point out comparative events of 
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huge terrigenous matter supply in the Laptev Sea (Fahl and Stein, 2012) and Kara Sea 
(Polyakova and Stein, 2004; Fahl and Stein, 2007) between 11 and 9 ka. Large-scale seafloor 
and coastal erosion or iceberg roll-events (Norman et al., 2013; Rosser et al., 2013), might 
have led to high terrigenous matter accumulation (Polyak et al., 1997; Stein and Fahl, 2000; 
Bauch et al., 2001) at the end of the cold period. Brassicasterol concentrations also increase 
within this interval, whereas dinosterol concentrations remain much lower (Fig. 3.4, grey 
rectangle). The strong excess of brassicasterol is illustrated in Figure 3.10. Moreover, 
compound-specific carbon stable isotope values of brassicasterol (unfortunately only two 
values are available, see Chapter 3.2.4) are more 13C-depleted between ~11.8 and 10.6 ka 
than at ~8 ka (Tab. 3.2), that may suggest a different (freshwater) source of brassicasterol. 
Freshwater-derived, brassicasterol-producing diatoms (Taylor, 1987; Thiel, 1993, 1997; 
Yunker, 1995) were probably flushed to the core site during this period of stronger river run-
off. Therefore, brassicasterol cannot be used as a reliable source indicator here.  
 
During the early phase of the Holocene, IP25 and the PIP25 index (moderate values of 
brassicasterol in Core PS51/159) decrease considerably (Fig. 3.6, scenario (b) at ~9.5 ka; Fig. 
3.7 b, c), pointing to reduced sea ice cover. Biological production diminished significantly in 
Core PS51/154, presumably due to a southward shift of the marginal ice zone related to the 
ongoing inundation of the shelf. Apparently, a warmer climate (i.e., the Holocene Thermal 
Maximum, HTM) established between 10 and 8 ka in the western Laptev Sea, also reported 
from studies of several bio-indicators (Kuzmina and Sher, 2006; Andreev et al., 2009). River 
discharge remained high during the HTM (maximum values of terrigenous biomarkers in 
Core PS51/159; Fig. 3.8 b), probably caused by a more humid climate and active coastal 
erosion (Hubberten et al., 2004). Different to the beginning of the transgression, less 
terrigenous material reached the site of Core PS51/154 during the later phase of 
transgression.  
3.4.3 Towards modern climatic conditions  
Between 7.5 and 8 ka, river discharge strongly increased as reflected in peaks in terrigenous 
biomarker concentrations (Core PS51/159; Fig. 3.8 b). Similar trends are also found in other 
records of the Siberian realm (Stein et al., 2003b, 2004; Polyakova and Stein, 2004; Simstich et 
al., 2004; Stein and MacDonald, 2004; Fahl and Stein, 2007). Afterwards, terrigenous 
biomarkers decrease distinctly attributed to the transgression (Fig. 3.6, interval (a) since 7.5 
ka) (see Chapter 3.4.2). At around 6.2 and 5 ka, two biological production maxima indicated 
by maximum phytoplankton biomarkers (Core PS51/159; Fig. 3.8 d), co-occur with IP25 maxima 
(Core PS51/159; Fig. 3.7 c), possibly pointing to an ice edge or polynya situation at the site of 
Core PS51/159 (cf., Stromberg, 1989; Boetius and Damm, 1998; Legendre et al., 1992; Boucsein 
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and Stein, 2000; Xiao et al., 2013). A gradual increase of the sea ice biomarker IP25 and the 
PIP25 index starts at ~7 ka (Fig. 3.7 b, c), most likely reflecting increasing sea ice cover during 
the spring/summer seasons. Although the sea ice cover was not permanent, decreasing 
phytoplankton biomarker contents indicate that sea ice might have been thicker, the ice-
covered period longer and primary production low. This cooling trend during the Laptev 
Sea’s spring- and summer time can be explained with decreasing summer insolation 
coefficients (Laskar et al., 2004; Fig. 3.7 a). Higher IRD contents were found in both cores 
during the last 7.5 ka (Fig. 3.7 d) that may reflect enhanced ice rafting related to the re-
growth of ice caps on the Severnaya Zemlya Islands (cf., Taldenkova et al., 2010). The IRD 
events coincide with minima in the PIP25 index of Core PS51/159, reflecting seasonally more 
open-water conditions. Therefore, icebergs drifting through open leads probably transported 
the IRD. The final increase of IP25 during the last 1000 years represents an intensified cooling 
in the late Holocene.  
 
 
Figure 3.11 Comparison of the band-pass filtered 1800 years cycle (blue) and the linearity-detrended IP25 
record of Core PS51/159 (grey) (confidence 99 %). 
 
 
The temporally cold conditions are also documented by other studies from the Arctic, e.g., in 
the Fram Strait (Müller et al., 2009, 2011), offshore Svalbard (Hald et al., 2004; Forwick and 
Vorren, 2007, 2009; Rasmussen et al., 2012), at the continental slope of the Barents Sea 
(Sarnthein et al., 2003), and in the Laptev Sea by Taldenkova et al. (2010) and Fahl and Stein 
(2012). In contrast, climate reconstructions by means of stable isotope measurements on ice 
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wedges at the Dmitrii Laptev Strait in the eastern Laptev Sea document a general late 
Holocene winter warming (Opel et al., 2011). It seems that a higher temperature contrast 
between the summer and winter season was developed.  
Superimposed on the cooling trend are short-term fluctuations in sea ice distribution (dashed 
lines, Fig. 3.7) interestingly accompanied by frequently occurring ice-cap expansions on 
Severnaya Zemlya (phases of IRD deposition; Taldenkova et al., 2010). Spectral analysis of 
the IP25 record supports (with 99 % confidence) the presence of an 1800-year periodicity 
during the last 6 ka (Fig. 3.11, Appendix A1, A2). Repeating abrupt short-term climatic shifts 
independent of glacial/interglacial phases were also described in sediment cores from the 
North Atlantic during the Holocene (Bond et al., 1997).  
 
These climatic shifts have a cyclicity of ~1500 ±500 years and were most probably triggered 
by variations in the incoming solar radiation (Bond et al., 2001). The short-term variability of 
sea ice identified in this study is probably related to the 1500 ±500 year Bond cycle (Bond et 
al., 1997). Changes of the incoming solar radiation alter the nature of the atmosphere e.g., 
the Arctic Oscillation or the North Atlantic Oscillation mode (Thompson and Wallace, 1998, 
2000). The observations might document the strong linkage between sea ice formation and 
atmospheric processes (Darby and Bischof, 2004; Darby, 2006). The short-term sea ice 
variability became more prominent when the modern sea level state was reached (Fig 3.11). 
Possibly, the environment is more sensitive against atmospheric circulation changes at a 
higher sea level state where the shelves are flooded. In the Kara Sea region short-term 
fluctuations in river discharge, precipitation and temperature were also detected during the 
last 5 ka (Vorobyova, 1994; Andreev and Klimanov, 2000; Stein et al., 2004). Earlier, during the 
deglacial phase, the signal might have been superimposed by other environmental 
alterations, e.g., the sea level rise and transitions between glacials and interglacials.  
Overall, the biomarker records from the eastern and the western Laptev Sea are strikingly 
similar (cores PS2458 and PS51/154, PS51/159; Figs. 3.1; 3.6). Hence, we conclude that they 
document similar long-term environmental changes. The synchronous increase of IP25 and 
PIP25 in all three cores after 7 ka seems to support the applicability of the age model 
according to Fahl and Stein (2012) without a hiatus from mid to late Holocene as published 
by Spielhagen et al. (2005).  
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3.5 Conclusion  
Multi-proxy biomarker analyses of two sediment cores provide new insight into the paleo-
environmental evolution in the western Laptev Sea during the last 17 ka. The main 
conclusions are: 
o The major flooding phase of the Holocene transgression commenced between ~11 
ka at the upper continental slope and ~9.5 ka on the outer shelf. The ecosystem 
stabilized at 10 ka at the upper continental slope and at 6.5 ka at the outer shelf 
environment.  
o A general trend of increasing sea ice cover and less river discharge was observed 
during prominent cold phases (17.2 - 15.5 ka; 13 - 11 ka (Younger Dryas 12.9 - 11.6 
ka); < 7 ka, and especially during the last 1000 years). Decreasing sea ice cover and 
stronger river run-off occurred during warmer phases (15.5 - 13 ka (Bølling/Allerød, 
14.7 - 12.9 ka), 10 - 8 ka (Holocene Thermal Maximum).  
o The western Laptev Sea shelf was probably covered most of the time by near-shore 
permanent sea ice (fast ice or pack ice) between 17.2 and 15.5 ka, interrupted by 
short-term break-ups of the permanent sea ice cover allowing iceberg drift. River 
run-off and biological production were strongly diminished during that time. 
However, a longer period of more open sea ice conditions and intensified river run-
off occurred around 16.4 ka.  
o Warmer conditions (less sea ice cover and stronger river run-off) reconstructed by 
Fahl and Stein (2012) in the northeastern part of the Laptev Sea between 15.5 and 13 
ka (correlating to the Bølling/Allerød warm period) could be also detected in the 
western Laptev Sea between 15.2 and 12.9 ka. Enhanced Atlantic Water inflow during 
this interval is probably reflected by high DIP25 values.  
o A distinct alteration of the Laptev Sea environment with strongly diminished river 
run-off and biological production happened between 13 and 12 ka, followed by 
increasing sea ice cover. The phase of intense sea ice cover correlates with the 
Younger Dryas (12.9 - 11.6 ka) cold period.  
o Increasing IP25 concentrations and PIP25 index indicate a spring/summer cooling 
trend in the western Laptev Sea from around 7 ka until present, with more intense 
sea ice conditions and decreasing biological production documented in both 
sediment cores. Short-term fluctuations in sea ice cover occurred in an 1800-year 
periodicity since the last 6 ka when the modern sea level state was reached. Possibly, 
the periodic variation of solar activity (Bond cycles, 1500 ±500 years) is the forcing of 
changes in sea ice cover and iceberg production. 
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4 Abstract 
The Holocene is characterized by the late Holocene cooling trend as well as by internal 
short-term centennial fluctuations. As Arctic sea ice acts as a significant component 
(amplifier) within the climate system, investigating its past long- and short-term variability 
and controlling processes is beneficial for climate future predictions. This study presents the 
first biomarker-based (IP25 and PIP25) sea ice reconstruction from the Kara Sea (Core BP00-
07/7), covering the last 8 ka These biomarker proxies reflect conspicuous short-term sea ice 
variability during the last 6.5 ka, with prominent peaks of extended sea ice cover occurring at 
~3, ~2, ~1.3 and ~0.3 ka Spectral analysis revealed ~400- and ~950-year cycles during this 
time interval and a 1500-year cycle that is dominant, when the entire (Holocene) IP25 record 
is considered for the analysis. These periodicities are indicative for internal climate system 
fluctuations and may be related to the Arctic/North Atlantic Oscillation (AO/NAO). However, 
the sea ice fluctuations cannot be entirely related to AO/NAO variability since sea ice 
belongs to a complex system that more likely depends on multiple internal forcing. 
4.1 Introduction 
An alarming recent Arctic climate change has been observed with reducing summer sea ice 
cover and increasing river discharge (Peterson et al., 2002; Johannessen et al., 2004; Francis 
et al., 2005; Serreze et al., 2007; Stroeve et al., 2007, 2012; Zhang et al., 2012). Apart from a 
long-term trend, Holocene climate reconstructions also revealed millennial and multi-
centennial environmental changes (Wanner et al., 2008 and references therein). Thus, it is of 
relevance to investigate such past short-term climate (and sea ice) changes because these 
changes are not well enough considered in climate models so far. A more profound 
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understanding of the behavior of the key component sea ice (Loeb et al., 1997; Dieckmann 
and Hellmer, 2008; Funder et al., 2011) will allow better future climate predictions. 
 
 
Figure 4.1 (a) Overview map of the Arctic Ocean with positions of studied cores and cores referred to. (b) 
Bathymetric map the Kara Sea (IBCAO grid, Jakobsson et al., 2012) with averaged monthly sea ice distribution 
(1978-2010) (www.nsidc.org) and position of leads at the southern coast (averaged January-April from 2003-
2015) according to Willmes and Heinemann (2016). (c) Average fast ice distribution map in March (1953-1990) 
taken from Divine et al. (2004). Maps (a) and (b) are generated using Ocean Data View (ODV) 
(http://odv.awi.de). 
 
In the Kara Sea, fast ice is formed at the coast and around islands (Fig. 4.1 c) during autumn, 
extends during January and March, and decreases from May/June on (Divine et al., 2004). In 
front of the fast ice, a polynya is produced (Fig. 4.1 b) by strong offshore winds during winter, 
separating new and drift ice from fast ice (Smith et al., 1990). New sea ice is formed on the 
shelf during winter.   
The Kara Sea is also characterized by strong river discharge (Ob and Yenisei, 404 and 620 
km3/a, respectively; Rachold et al., 2004), being highest during the summer months 
(Shiklomanov and Skakalsky, 1994; Gordeev et al., 1996). The freshwater input controls the 
salinity distribution of the shelf sea, with low values of ~15 psu close to the river mouth and 
increasing salinity with growing distance to the coast up to 30 psu near the continental slope. 
Present and past river run-off and its sedimentary signal in this region were well investigated 
within the frame of the German-Russian research project SIRRO (Siberian River Run-off) 
(Stein et al., 2003a). A Holocene short-term variability of river run-off was detected by Stein 
et al. (2004) on Core BP99-04/7 from the Yenisei Estuary (Fig. 4.1 b). But did sea ice 
distribution also change on a multi-centennial scale? 
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To answer this question, we investigated Core BP00-07/7 (Fig. 4.1 b) from the southern Kara 
Sea for a high-resolution sea ice reconstruction over the last ~8 ka. To avoid the interference 
of an external climate forcing such as the post-glacial sea level rise, we concentrated on the 
last ~6.5 ka when the sea level reached more or less modern conditions (e.g., Bauch et al., 
2001; Stein et al., 2003b). With our study, we present the first IP25-based (molecular ice proxy 
with 25 carbon atoms; Belt et al., 2007) sea ice reconstruction from the Kara Sea and thereby 
also contributing to the IP25 database for proxy evaluation. In addition, sterols indicative for 
organic carbon sources were used as environmental proxies and for the phytoplankton-IP25 
index (PIP25) calculation (according to Müller et al., 2011). 
4.2 Biomarkers: Proxies for organic-carbon source and sea ice cover 
4.2.1 Organic-carbon sources 
Specific sterols are tracers of organic matter sources and can be applied for environmental 
reconstructions (e.g., Meyers, 1997; Fahl and Stein 1999, 2007). !-sitosterol and campesterol 
are established proxies for higher plants, i.e., terrigenous organic matter (e.g., Huang and 
Meinschein, 1976; Volkman, 1986), whereas dinosterol and brassicasterol are often used as 
indicators for marine organic matter (e.g., Volkman, 1986, 2006; Volkman et al., 1993). 
However, the interpretation of the brassicasterol data is limited within a riverine-dominated 
regime (Fahl and Stein, 1999), since brassicasterol can be synthesized by both marine as well 
as by fluvially derived freshwater diatoms. In the southern Kara Sea concentrations of 
brassicasterol are strongly controlled by river discharge, as demonstrated by Fahl et al. 
(2003). Thus, dinosterol was chosen as phytoplankton biomarker for this study. 
4.2.2 Indicators for sea ice 
For the reconstruction of the sea ice cover, the IP25 biomarker approach can be applied (Belt 
et al., 2007). The IP25 molecule is exclusively produced by arctic sea ice algae (Brown et al., 
2014), and it is indicative for the presence or absence of sea ice. The PIP25 index, a 
combination of open-water phytoplankton biomarkers and IP25, is a further step towards a 
more quantitative reconstruction of sea ice and allows, unlike IP25 by itself, to distinguish 
between the extremes of ice-free and permanently ice-covered conditions (Müller et al., 
2011; Smik et al., 2016; see Methods chapter for calculation). Sediment surface studies of IP25 
and PIP25 show that the PIP25 reconstruction reflects convincingly well the modern, satellite-
recorded sea ice distribution in the subpolar North Atlantic and the Arctic Ocean (Müller et 
al., 2011; Xiao et al., 2015). On the foundation of the direct comparison of satellite 
observation and PIP25-based sea ice reconstruction via x-y plot, Müller et al. (2011) assigned 
sea ice configurations to values or ranges of the PIP25 index. A PIP25 index of 0 is indicative for 
ice-free conditions, values lower than 0.5 reflect for less or variable sea ice cover, the range 
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between 0.5 and 0.75 equals seasonal sea ice conditions including ice-edge situations, and an 
index greater than 0.75 points to a permanent sea ice cover. When using this approach, 
however, one always should also consider separately the IP25 and phytoplankton biomarker 
data and their distribution in the x-y plot for the interpretation of the data in terms of the sea 
ice cover (for details see Müller et al., 2011). 
Meanwhile, IP25 and PIP25 are established applications for sea ice reconstructions in the Arctic 
realm for Quaternary to even Miocene time intervals (e.g., Fahl and Stein, 2012; Cabedo-Sanz 
et al., 2013; Berben et al., 2014; Müller and Stein, 2014; Stein et al., 2016), even though these 
proxies still need further investigation and approvement (Stein et al., 2012; Belt and Müller, 
2013; Weckström et al., 2013; Smik et al., 2016).  
4.3 Material & Method 
Core BP00-07/7 was obtained during Expedition BP00 with the research vessel RV Akademik 
Boris Petrov in the year 2000 as part of the SIRRO Project (Stein and Stepanets, 2001). The 
core site is located in the southern Kara Sea in a water depth of 38 m off the Yenisei river 
mouth (Fig. 4.1 b). The 7.23 m thick sedimentary sequence of Core BP00-07/7 mainly consists 
of bioturbated and fine-grained sediment, i.e., silty clay to clayey silt (see Chapter 2.12, Fig. 
2.2). The age model is based on nine Accelerated Mass Spectrometry (AMS) radiocarbon ages 
(14C) determined on marine bivalves (for details see Stein et al., 2003b; Simstich et al., 2004; 
Fahl and Stein, 2007; Appendix B1). The datings were normalized to a reservoir age of 440 
years (Mangerud and Gulliksen, 1975) and calibrated after Stuiver et al. (1998). 
 
For biomarker analyses, sediment samples were freeze-dried and homogenized in a second 
step. A subsample (~100 µg) was taken for Total Organic Carbon (TOC) analysis using the 
ELTRA Analyser. Four grams of the sediment were extracted by means of the Accelerated 
Solvent Extractor (DIONEX, ASE 200; 100 °C, 5 min, 1000 psi) using dichlormethane:methanol 
(2:1 v/v) as solvent. As internal standards (7-hexylnonadecane (0.076 µg/sample), squalane 
(2.4 µg/sample) and cholest-5-en-3! -ol-D6 (11 µg/sample) were added before any analytical 
treatment. 
The total extract was separated in two fractions, a hydrocarbon (5 ml n-hexane as solvent) 
and a sterol (7 ml ethylacetate:n-hexane 20:80 v/v as solvent) fraction via open column 
chromatography (SiO2). Sterols were silylated with 200 µl BSTFA (bis-trimethylsilyl-
trifluoroacet-amide) (60 °C, 2h). 
The two fractions were analyzed with a Gas Chromatograph (GC) Agilent Technologies GC 
6850 (30 m DB-1MS column, 0.25 mm inner diameter, 0.25 µm film, helium as carrier gas) 
coupled with an Agilent Technologies 5975C VL MSD mass selective detector (with Triple-
Axis Detector, 70eV constant ionization potential, Scan 50-550 m/z, 1scan/s, ion source 
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temperature 230 °C) by applying specific temperature programs: for the hydrocarbons, 60 °C 
(3 min), 150 °C (rate: 15 °C/min), 320 °C (rate: 10 °C/min), 320 °C (15 min isothermal) and for 
the sterols, 60 °C (2 min), 150 °C (rate: 15 °C/min), 320 °C (rate: 3 °C/min), 320 °C (20 min 
isothermal). The identification and quantification of the sterols (24-methylcholesta-5,22E-
dien-3!-ol (brassicasterol), 4#-23,24-trimethyl-5#-cholest-22E-en-3!-ol (dinosterol), 24-
methylcholest-5-en-3!-ol (campesterol), 24-ethylcholest-5-en-3!-ol (!-sitosterol) and the 
hydrocarbon (IP25) were performed as described in Fahl and Stein (2012) and  Hörner et al. 
(2016). 
The PIP25 index was calculated according to Müller et al. (2011), applying dinosterol as 
phytoplankton biomarker. As phytoplankton marker concentrations are conspicuously higher 
compared to IP25 concentrations, a balance factor C has been introduced (cf., Müller et al., 
2011; EQ 2).  
 
(5) PIP25 = IP25 / (IP25 + (phytoplankton biomarker x C)) 
 
(6) C = mean (IP25) / mean (phytoplankton biomarker) 
 
Spectral analysis was performed on the detrended IP25 record by means of the AnalySeries 
software (Paillard et al., 1996). The peridogramm was generated by applying the Blackman-
Tukey method (Blackman and Tukey, 1958) (80% confidence, band-width 0.323276 for the 
last 6 ka and 0.234375 for the entire record). The identified frequencies were band-pass 
filtered (band-width 0.02) and illustrated (Gaussian) together with the IP25 record.  
4.4 Results  
All biomarkers are strongly variable (Fig. 4.2). TOC fluctuates around ~1 % over the entire 
record, apart from seven intervals of TOC contents higher than 1.3 %. These intervals occur at 
~700, 590 - 530, 450, 370, 260 - 230, 80 and 40 - 0 cm (Fig. 4.2) (i.e., ~8.2, 7.7 - 7.8, 6.8, 5.8, 3.6 - 
4.5, 1.2 - 1.5 and 0 - 0.5 ka; Fig. 4.3) 
Brassicasterol and dinosterol (Fig. 4.2) show a similar pattern between 700 and 600 cm (i.e., > 
7.8 ka; Fig. 4.3) and 220 and 0 cm (i.e., ~3.6 - 0 ka; Fig. 4.3), with strongly variable 
concentrations of 0.1 - 0.5 µg/g sediment for brassicasterol and 0.2 - 0.5 µg/g sediment for 
dinosterol. In between, both sterols are less variable. However, brassicasterol stays at a 
higher level (~0.03 µg/g sediment), whereas dinosterol decreases to a lower level (~0.2 µg/g 
sediment). 
!-sitosterol and campesterol have a similar pattern over the entire record but the 
concentration of !-sitosterol is consistently four times higher than the concentration of 
campesterol.  
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Similar to brassicasterol and dinosterol, both sterols are highly variable between 700 and 600 
cm (i.e., > 7.8 ka; 0.2 - 1.2 µg/g sediment for !-sitosterol and 0.1 - 0.3 µg/g sediment for 
campesterol) as well as between 220 and 0 cm (i.e., ~3.6 - 0 ka; 0.2 - 1.4 µg/g sediment for !-
sitosterol and 0.05 - 0.3 µg/g sediment for campesterol) and less variable in between (0.6 - 0.9 
µg/g sediment for !-sitosterol and 0.1 - 0.25 µg/g sediment for campesterol). In general, the 
concentrations of the terrigenous biomarkers campesterol and !-sitosterol decrease whereas 
the proportion of marine organic matter (here expressed as the ratio between dinosterol and 
the sum of terrestrially-derived sterols and dinosterol) show a long-term increasing trend 
over the entire record (Figs. 4.2; 4.3) except for some abrupt and sharp declines predominant 
in the upper 180 cm (Fig. 4.2), i.e., the last 3 ka (Fig. 4.3). 
IP25 concentrations (Figs. 4.2; 4.3) are of 0.006 µg/g sediment between 700 and 640 cm and 
625 and 600 cm. In between as well as from 600 to 480 cm (i.e., ~6.9 ka; Fig. 4.3), the 
concentration rises to more than 0.009 µg/g sediment. Between 480 and 200 cm (i.e., ~6.9 - 2.8 
ka; Fig. 4.3), the IP25 concentration decreases from ~0.006 to 0.003 µg/g sediment on average. 
In the upper two meter (last 2.8 ka; Fig. 4.3), the concentration increases to ~0.005 µg/g 
sediment and up to 0.012 µg/g sediment in the uppermost sample.  
The sea ice indicators (IP25 and PIP25) and the proportion of marine organic matter display 
strong short-term fluctuations (millennial to multi-centennial) over the entire record but 
temporally in different intensities (Figs. 4.2; 4.3):  
Up to 280 cm (Fig. 4.2) (i.e., 4.5 ka; Fig. 4.3) all proxies show higher values and stronger 
fluctuations (IP25 concentrations between ~0.3 and 0.8 µg/g sediment and PIP25 indices of 0.39 
to 0.75) followed by a phase of less variable, lower values (IP25 concentrations between ~0.2 
and 0.5 µg/g sediment and PIP25 indices of 0.29 to 0.63) between 280 and 180 cm (Fig. 4.2) (i.e., 
4.5 - 3 ka; Fig. 4.3). In the upper 180 cm (Fig. 4.2) (i.e., ~3 ka; Fig. 4.3), the biomarkers show the 
strongest variability between low(est) and high(est) values (IP25 concentrations of 0.2 to 0.82 
µg/g sediment and PIP25 indices of 0.3 to 0.9). Predominant peaks of the biomarkers are at 
180, 120, 60, 25 cm (Fig. 4.2) (i.e., ~3, 2, 1.3 and 0.3 ka; Fig. 4.3). 
Over the entire record, prominent peaks of high IP25 concentrations (~0.6 - 0.9 µg/g sediment) 
occur at ~450, 380, 310, 110, 70, 25 and 10 cm (Fig. 3.2) (i.e., ~6.5, 5.7, 4.8, 2, 1.3, 0.3 and 0.1 ka; 
Fig. 4.3) and lower (~0.5 µg/g sediment) but still distinct peaks at ~360, 200, 150, 130, 95 and 
50 cm (Fig. 4.2) (i.e., ~4.3, 3.4, 2.8, 2.4, 1.7 and 0.9 ka; Fig. 4.3). Dinosterol as well as its 
proportion against the sum of dinosterol and the terrestrially-derived biomarkers are 
conspicuously reduced at ~160, 105, 60 and 25 cm (i.e., ~2.9, 1.9, 1.2 and 0.2 ka; Fig. 4.3) with 
concentrations down to 0.02 µg/g sediment and ratio values less than 0.1. Both are 
diminished, with concentrations down to 0.1 µg/g sediment and ratio values not higher than 
0.15, at ~405, 380, 330 and 300 cm (Fig. 4.2) (i.e., ~6, 5.7, 5 and 4.7 ka; Fig. 4.3). This results in 
maximum PIP25 values up to 0.9 at 395, 380, 160, 105, 60, and 25 cm (Fig. 4.2) (i.e., ~5.9, 5.7, 2.9, 
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1.9, 1.2 and 0.2 ka; Fig. 4.3) and lower but still distinct values (0.6 - 0.65) at ~450, 430, 350, 330, 
300 and 205 cm (Fig. 4.2) (i.e., ~6.5, 6.3, 5.3, 5, 4.7 and 3.5 ka; Fig. 4.3). The biomarker data (in 
µg/g TOC and in µg/ g sediment) are provided in the Appendix B2 and B3. Concentrations in 
µg/g TOC are illustrated in the Appendix B4. 
4.5 Discussion  
The general decreasing trend of the indicators for terrigenous organic matter and 
subsequently increasing phytoplankton biomarkers indicate the establishment of a marine 
milieu at the core site as a consequence of the post-glacial sea level rise (Fairblanks, 1989; 
Bauch et al., 2001; Stein et al., 2003b) that was also described by other biomarker 
investigations of Siberian shelf sediments (Fahl and Stein, 2007, 2012; Hörner et al., 2016). 
The variability of IP25 and PIP25 values at Core BP00-07/7 documents abrupt transitions 
between different sea ice scenarios. Peaks in IP25 concentrations and PIP25 indices point 
towards more intense sea ice cover accompanied by abrupt drops in the proportion of 
marine organic matter since photosynthesis is restricted due to strongly reduced light 
penetration through the ice-covered water column. In contrast, lower IP25 concentrations and 
PIP25 values reflect less or variable sea ice cover.  
Following the PIP25 classification of Müller et al. (2011) (cf. Chapter 4.2), seasonal sea ice was 
present in the southern Kara Sea between 6.5 and 5.5 ka (Fig. 4.3 f). Then a phase of less sea 
ice cover occurred at 5.5 - 3 ka apart from temporally more intense sea ice conditions 
between 4.9 and 4.5 ka During the last 3 ka, the sea ice conditions fluctuated between 
extremely intensive to permanent sea ice cover (PIP25 indices of 0.9, 0.77, 0.73 and 0.7 at 2.9, 
1.9, 1.2 and 0.2 ka, respectively) and strongly reduced sea ice conditions in between (PIP25 
indices mostly less than 0.4) (Fig. 4.3 f).  
 
Analogous climatic variations took place during the Holocene on centennial to millennial 
scale, resulting in environmental changes such as glacier advances in Norway and tree line 
propagations in northern Fennoscandia (Karlén, 1993; Dahl and Nesje, 1996; Huntley et al., 
2003 and references therein) and changes in Siberian river run-off (e.g., Stein et al., 2004). 
These environmental changes between warmer/colder and wetter/drier climate were also 
recognized by several other studies from the Arctic region (e.g., Sarnthein et al., 2003; Hu et 
al., 2009; Funder et al., 2011; Jansen et al., 2016) but also at lower latitudes (for summary see 
Wanner et al., 2008). For understanding the processes controlling these changes, it is useful 
to distinguish between two different types of changes:  
(1) Changes on millennial-scale, following the overall climatic evolution related to orbital 
parameter forcing, hence solar irradiance.  
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(2) Centennial fluctuations that are more likely controlled by internal climate system 
variability (e.g., solar cycles, atmospheric circulation changes, volcanic activity, etc.) or a 
mixture of more than only one internal component (c.f. Wanner et al., 2008).  
4.5.1 Holocene climate trend and changes on millennial timescales 
Core BP00-07/7 is located close to fast ice, attached at the islands, and the position of the 
winter polynya (Fig. 4.4 a). Consequently, IP25 and PIP25 values reflect chiefly the variability in 
fast ice and polynya configuration. On millennial-scale, these IP25 and PIP25 values seem to 
record a slightly decreasing trend to “less sea ice cover” (according to the PIP25 classification 
by Müller et al., 2011) during the last 7 ka During that time, however, the Holocene climate 
generally turned to colder and drier conditions (Neoglacial) due to reducing summer 
insolation (Fig. 4.3 d) (Laskar et al., 2004). This trend is represented by the NGRIP oxygen 
stable isotope ("18O) record reflecting colder climate on northern Greenland (Fig. 4.3 a; 
Andersen et al., 2004) and by pollen studies indicating a colder and drier environment in the 
Kara Sea region (Fig. 4.3 b; Vorobyova, 1994; Andreev and Klimanov, 2000). Furthermore, it 
was reported in other parts of the Arctic by increasing sea ice cover in the Fram Strait (Müller 
et al., 2012), around Svalbard (Hald et al., 2004; Forwick and Vorren, 2007, 2009; Rasmussen et 
al., 2012), in the Laptev Sea (Taldenkova et al., 2010; Fahl and Stein, 2012; Hörner et al., 2016), 
the Bering Sea (Méheust et al., 2015) as well as in global records (see compilation by Wanner 
et al., 2008). This creates the impression that the IP25 and PIP25 records of Core BP00-07/7 are 
in contrast to this global trend.  
However, most probably climate in the Kara Sea also turned to colder conditions during this 
time. Considering the sea ice constellation at the core location (c.f. Fig. 4.4), a cooling would 
lead to an expansion of the fast ice around the coast. That would provide a northward 
migration of the polynya to the core site and most possibly also a prolongation of the 
polynya situation (Fig. 4.4 b) resulting in longer ice-free conditions, thus, to lower IP25 
concentrations (and consequently lower PIP25 values).  
 
Especially during the last 3 - 2.5 ka, the late Holocene cooling is amplified as shown in many 
studies from different (sub-) Arctic areas such as over Greenland (Grootes et al., 1993; 
Andersen et al., 2004), in the North Atlantic (Andrews et al., 2006), by glacier advances in 
western Norway (Nesje et al., 2001) and in the Kara Sea region (Velichko et al., 1997; Andreev 
and Klimanov, 2000; Kraus et al., 2003). That means in our study area this late Holocene 
cooling is reflected in strongly reduced Siberian river run-off (Stein et al., 2004), drier 
conditions in the Lake Baikal region (Vorobyova, 1994), and distinct peaks of the PIP25 index 
probably indicating extreme fast ice expansion towards the site of Core BP00-07/7, thus a 
permanent sea ice cover in the southern Kara Sea (Figs. 4.3; 4.4 c).  
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4.5.2 Changes on (multi-) centennial time scales 
For investigating the short-term variability, we considered only the last 6.5 ka of the 
biomarker records that are not influenced by the post-glacial sea level rise. 
Between 4.5 and 3 ka, there was a phase of reduced sea ice cover, i.e., low as well as less 
variable IP25 concentrations and PIP25 values. This phase is also characterized by more 
precipitation (Vorobyova, 1994; Andreev and Klimanov, 2000) and increased river run-off, 
indicated by changes in the magnetic susceptibility of Core BP99-04/7 (Stein et al., 2004), as 
well as warmer climate in Siberia (Andreev and Klimanov 2000; Andreev et al., 2001), 
Fennoscandia and northern America (Seppä and Birks, 2001; Viau et al., 2006) (orange dashed 
bar in Fig. 4.3). 
 
 
Figure 4.4 Schematic illustration of sea ice distribution in the southern Kara Sea. Fast ice (1) is 
formed around the coast that is partly anchored (2). Offshore winds create a polynya (3) in 
front that separates fast ice from new-formed (4) and drift ice (5). Core BP00-07/7 is located 
between two islands (grey bars) that are surrounded by fast ice. The scenarios a) to c) display a 
cooling trend resulting in fast ice expansion and a northward polynya migration. a) Core site 
BP00-07 is covered by seasonal ice (new ice and drift ice) and temporally by a winter polynya. 
b) Due to fast ice expansion, the polynya migrated northward to the core site and the polynya 
situation prevailed for a longer period. c) Extremely cold climate leads to fast ice expansion to 
the core site, consequently to permanent sea ice cover.  
 
Conspicuous peaks in IP25 concentrations and PIP25 values during the last 3 ka, suggesting 
intensified sea ice conditions with up to permanent ice cover at ~3 and ~2 ka (Fig. 4.4 c). They 
might document (extreme) expansions of fast ice to the core site resulting in a permanent 
sea ice cover (PIP25 > 0.75) or in a fast ice edge situation (0.75 > PIP25 > 0.5). Fast ice formation 
in the Kara Sea is less influenced by river run-off, except very close to the estuary. Rather 
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more, it is controlled by surface air temperature and the strength of northerly and westerly 
winds (Divine et al., 2004), and therefore, it follows abrupt climatic changes.  
These IP25 and PIP25 peaks coincided with phases of reduced river run-off (Stein et al., 2004) 
and less precipitation in the Kara Sea (Vorobyova, 1994). Synchronous short cold phases are 
also observed in North America and Fennoscandia (Seppä and Birks, 2001; Viau et al., 2006) 
as well as phases of glacier advances on Franz Josef Land (Lubinski et al., 1999) (Fig. 4.3 b, c, f, 
grey dashed bars and anthracite triangles). Consistently, five short-term cold phases occurred 
during the last 3 ka at ~2.9, ~1.9, ~1.3, ~0.9 and ~0.3 ka. 
 
The late Holocene changes in river run-off as reconstructed at Core BP99-04/7 (Fig. 4.3 c; 
Stein et al., 2004), are in agreement with temperature and precipitation reconstructions from 
the Kara Sea region (Fig. 4.3 b; Vorobyova, 1994, Andreev and Klimanov, 2000). A phase of 
higher temperature and precipitation, i.e., a warmer and wetter climate, coincided with more 
intense river run-off. Phases of lower temperatures and precipitation, i.e., colder and drier 
climate, on the other hand, coincided with less river run-off. This short-term climate 
variability probably occurred with a 200 - 250 year frequency between 9 and 7 ka and with a 
300 - 700 year frequency during the last 7 ka (Stein et al., 2004). This variability was also 
observed in the amounts of freshwater diatoms determined at the same core by Polyakova 
and Stein (2004). 
These fluctuations in temperature and precipitation might be related to changes in the 
AO/NAO modes. In a negative AO mode the polar low-pressure system (polar vortex) is 
weaker, leading to weaker westerlies and cold Arctic air and storm tracks push farther south. 
In this configuration, Siberian climate/weather is colder and drier, whereas Greenland and 
Alaska is warmer. In a positive mode, the Siberian environment is warmer and wetter 
(Greenland and Alaska colder), due to a stronger polar circulation that attaches the cold air 
to the high latitudes (Thompson and Wallace, 1998, 2000). AO-phases correlate with the NAO 
mode that is restricted to the alternating strength of the Icelandic Low and the Azores High 
pressure centers in the North Atlantic (Thompson and Wallace, 1998). 
One can speculate that AO oscillations during the Holocene interglacial under a high sea 
level, had implications on the short-term sea ice variability recognized in this study, since 
atmospheric flow anomalies have an effect on sea ice (incl. fast ice) (Rigor and Wallace, 
2004; Divine et al., 2005; Serreze et al., 2007; Overland and Wang, 2010). Spectral analysis of 
the sea ice proxy IP25 confirms the presence of cyclic fluctuations in sea ice distribution in the 
southern Kara Sea during the Holocene (Fig. 4.5). It revealed two cycles during the last 6 ka, 
i.e., ~400 years and ~950 years (80 % confidence), whereas 950 could be the multiple cycle of 
400. An additional cycle of 1500 years is recognizable when the entire record (8 ka) was 
analyzed (Figs. 4.5; 4.6). Circulation changes related to AO/NAO fluctuations have a decadal- 
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to centennial-scale variability (Luterbacher et al., 2001) and, as stated by Keigwin and Pickart 
(1999), AO/NAO changes might be the controlling factors of short-term oceanic variability 
during interglacial climate states. In lower latitudes of the Northern Hemisphere, the forcing 
of paleo-climate variability is most probably total solar irradiance variability, whereas the 
mechanism, by which the forcing is transferred via the climate system to high latitudes, is not 
fully understood (Darby et al., 2012). 
 
The NAO (AO) trend is arbitrarily illustrated in Figure 4.3 e (Rimbu et al., 2003). It became 
more negative for the last 6.5 ka This changed at ~1.8 ka The trend towards a negative mode 
is in line with the precipitation and temperature changes reconstructed in the Kara Sea 
region (Fig. 4.3 b, c, e; and additional studies by Andreev and Klimanov, 2000). A more 
frequent negative AO mode during the last 6.5 ka is consistent with findings by Funder et al. 
(2011) who reconstructed the Arctic circulation pattern in relation to changing AO modes 
with driftwood occurrences at the coast of northern Greenland. This finding, however, is 
totally different to reconstructions of the NAO-index performed at lake sediments in 
southwestern Greenland (Olsen et al., 2012) and westerlies strength changes along the 
western coast of northern Norway (Bakke et al., 2008). These studies identified a change to 
more frequent positive AO modes at ~2.5 ka. 
 
 
 
Figure 4.5 The Blackman-Tukey probability distributions 
(Blackman and Tukey, 1958) of the linearity-detrended IP25 record 
in µg/g sediment of Core BP00-07/7 (80% confidence). In grey the 
calculation for the entire record, in black for the last 6.5 ka. 
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A more intense sea ice cover indicated by higher IP25 and PIP25 values at Core BP00-07/7, 
correlates to phases of reduced river run-off at Core BP99-04/7 (Stein et al., 2004), probably 
during a negative AO mode (Fig. 4.3 c, e, f). During these intervals, the colder climate might 
have a stronger influence on sea ice distribution than freshwater supply that has also a 
positive effect on sea ice production (when river discharge is enhanced) (Tarasov and Peltier, 
2005; Bradley and England, 2008). However, in some parts, the constellation of sea ice and 
river run-off is contradicting, e.g., between 3 and 2 ka (dashed rectangle; Fig. 4.3).  
These mismatches suggest that sea ice distribution, especially in the southern Kara Sea, is 
part of a more complex system that does not follow singularly atmospheric circulation 
changes (AO/NAO), but more likely a mixture of different forcings. Pan-Arctic summer paleo-
sea ice reconstruction over the last 1450 years by Kinnard et al. (2011) also revealed that 
short-term changes are not only controlled by temperature or AO/NAO. More likely, a 
coupled forcing of atmospheric and oceanic mechanisms, e.g., AO, Atlantic water advection 
and Atlantic Meridional Oceanic Circulation may have influenced sea ice production 
(Kinnard et al., 2011). In 2009/2010, an intense sea ice cover was expected in the Arctic due to 
a prevailing extreme negative AO phase (Cohen et al., 2010). This situation, however, did not 
set in, showing that the behavior of sea ice may also be influenced by its appearance 
(thickness, multi-year sea ice versus thin sea ice; Lindsay and Zhang, 2005; Maslanik et al., 
2007a) or by the configuration of the pressure system (e.g., the position of highs and lows; 
Maslanik et al., 2007b) (Stroeve et al., 2012). AO/NAO has the strongest influence on the 
environment during winter. Contrarily, IP25 records representing spring/summer sea ice cover 
on the one hand and river run-off is strongest during the summer months on the other hand. 
Eventually, signals of different seasons make it also complicated to compare these proxies 
accurately with high-resolution AO/NAO indices. In addition, the inaccuracy of the 
interpolated age models and the temporal resolution of the Core BP00-07/7 record make it 
difficult and delicate to relate each peak to an AO/NAO mode, although AO/NAO can prevail 
for a longer time period more frequently in one mode (Funder et al., 2011).  
Nevertheless, paleo-environmental records of different climate archives consistently show 
four short-term phases of colder climate and a warmer phase (dashed bars, Fig. 4.3). 
Furthermore, a spectral analysis clearly shows three cyclicities (Fig. 4.5). Consistent cyclic 
environmental variability during the Holocene was also detected globally in 500, 900 and 
1500 years (Wanner et al., 2008). According to these authors, higher (centennial) frequencies 
are probably forced by internal climate variability or complex feedback mechanisms. 
Sarnthein et al. (2003) recorded a quasi-periodic occurrence of the coarse sediment fraction 
in hemipelagic sediment cores from the western Barents Sea shelf. 
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Figure 4.6 Comparison of the band-pass filtered ~400, ~950 and ~1500 years cycles (blue grey) and the linearity- 
detrended IP25 records (black) of Core BP00-07/7. 
 
505 and 885-year cycles were detected during the early Holocene and 400-650 and 1000-
1350 year cycles (probably multiples of 400-650 year cycles) during the entire Holocene, 
interpreted as pulses of climatic deterioration forced by solar irradiance on top of internal 
oscillation in the ocean THC. The observations are in phase with cycles of the "18O record of 
the GISP2 ice core (Schulz and Paul, 2002), ∆14C and 10Be flux over Greenland (Stuiver et al., 
1995; Chapman and Shackleton, 2000). A 1500-year cycle was also recognized in Holocene 
records of ∆14C and 10Be measured in lake sediments from southwestern Alaska (Hu et al., 
2003) and marine sediments from the western Laptev Sea (Hörner et al., 2016; Core PS51/159; 
Fig. 4.1). Solar irradiance changes were described as forcing for the occurrence of periodic 
(~1500 years) ice-rafted debris deposition in the North Atlantic, interpreted as abrupt cold 
phases (Bond et al., 1997). Darby et al. (2012) recognized Arctic circulation changes of this 
cyclicity that is associated with AO/NAO variations and compared it with a record of total 
solar irradiance. On the foundation of this comparison, they contradict the explanation by 
Bond et al. (2001). These authors rather suggested that in the high latitudes the 1500-year 
cyclicity is forced by internal oscillations or by a response of solar radiation changes in low 
latitudes. 
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4.6 Conclusion 
This study presents the first IP25-/ PIP25-based sea ice reconstruction from the Kara Sea over 
the last 8 ka. 
o Core BP00-07/7 records a complex sea ice situation influenced by close fast ice 
and polynya formation during winter. Sea ice cover in the southern Kara Sea did 
not chiefly follow the millennial Holocene climate trend but rather centennial 
climatic variations.  
o Between 6.5 and 5.5 ka mostly seasonal sea ice cover was present in the 
southern Kara Sea. Afterwards, less sea ice dominated apart from a short phase 
of seasonal sea ice cover (4.9 - 4.5 ka), followed by strongly variable sea ice 
cover that fluctuated between extremely reduced (Core site inside the polynya) 
and most intense to permanent sea ice cover at ~3 ka (fast ice expansion to the 
core site). The decreasing trend of IP25 and PIP25 interpreted as northward shift 
and prolongation of the polynya, follows the late Holocene cooling trend that is 
amplified during the last 3 ka (Neoglacial). 
o The sea ice cover varied conspicuously on a multi-centennial scale. Spectral 
analysis revealed the presence of 400-, 950- and 1500-year cycles that are 
consistent with Holocene environmental cycles detected by other studies. 
o The fluctuations in sea ice cover cannot be fully related to AO/NAO changes as 
one single forcing. More likely, it is a consequence of a mixture of different 
internal climate system forcing, since processes that control sea ice distribution 
are complex.  
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5 Abstract 
The Kara Sea is an important research area since sea ice and brine formation take place 
on its shelf, connecting regional environmental variability with the global climate system. 
Within this context, three sediment cores from the southern and central Kara Sea were 
investigated in order to reconstruct sea ice variability on the shelf during the last ~12 ka 
by means of the sea ice biomarker IP25 and the PIP25 index.  
With this approach post-glacial sea ice variability could be detected in the central Kara 
Sea (Core BP00-36/4), with most intense sea ice cover between 12.4 and 11.8 ka coinciding 
with a prominent cold phase, i.e., the Younger Dryas (12.9 - 11.6 ka), and reduced sea ice 
between 10 and 8 ka during the Holocene Thermal Maximum. During the last ~7 ka, 
increasing sea ice indicators might indicate a Holocene cooling trend that is most 
probably induced by decreasing summer insolation. Furthermore, we were able to detect 
changes in the fast ice - polynya constellation in the southern Kara Sea. Expanding fast ice 
could be observed at Core BP00-07/7 during the late Holocene following also the cooling. 
In addition, cyclic short-term Holocene climate variability is documented by abrupt 
changes in the sea ice configuration at the core site. Core BP99-04/7 from the Yenisei 
estuary recorded consistently seasonal sea ice cover since ~9.3 ka, apart from five short 
phases of permanent sea ice cover at ~7.3, 4.8, 4.4, 3.3 and 2 ka, reflecting most likely fast 
ice expansion to the core site. The strong influence of river run-off as well as estuary 
processes might prevent the detection of (short-term) climatic signals at this study site.  
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5.1 Introduction 
5.1.1 Environmental background 
As sea ice acts as a key component (amplifier) in terms of the current global warming 
(Loeb et al., 1997; Dieckmann and Hellmer, 2008; Stein, 2008a; Overland and Wang, 2010), 
it is essential to understand its behavior on environmental and climatic changes. During 
the last decades Arctic sea ice retreated enormously with unexpected extreme reductions 
in the years 2007 and 2012 (Johannessen et al., 2004; Francis et al., 2005; Serreze et al., 
2007; Stroeve et al., 2007, 2012; Comiso et al., 2008; Kwok and Rothrock, 2009; Miller et al., 
2010; National Snow and Ice data center, http://nsidc.org). 
Arctic sea ice is mainly produced at vast and shallow Siberian shelves where rivers drain 
high amounts of freshwater to the adjacent ocean. Freshwater input is significant for sea 
ice formation, as well as for the Arctic oceanic circulation that affects the global 
circulation system. In the Kara Sea, the two major rivers Ob and Yenisei (404 and 620 
km3/a, respectively) are responsible for 40 % of the total Arctic river discharge (Rachold et 
al., 2004). Huge amounts of riverine water create a freshwater layer at the water surface, 
causing a stratification of the Kara Sea water column that is favorable for sea ice and thus 
brine formation (Dmitrenko, 1998; Eicken et al., 1997). Both processes are significant for 
deepwater formation along the continental margin that propels the global circulation 
system (Broecker et al., 1997). 
The freshwater input also controls the salinity distribution and the sedimentation 
processes on the shelf. Close to the estuary, the so-called Marginal Filter (Fig. 5.1) catches 
more than 90 % of the suspended matter within this area due to estuary flocculation and 
aggregation processes (Lisitzin, 1995). This results in the deposition of a thick Holocene 
sediment sequence (Lithological Unit l, see chapter 2.1) on the Kara Sea shelf (Stein et al., 
2003b, 2004; Dittmers et al., 2003). The Kara Sea environment was strongly affected by the 
post-glacial eustatic sea level rise (Fairbanks, 1989) (Fig. 5.1 b, c), for instance, resulting in 
the migration of the main depocenter (Stein et al., 2003b; Dittmers et al., 2003) and 
changing nutrient supply. The shelf became flooded since 16 ka and modern conditions 
were reached at ~7.5 ka (in the eastern Kara Sea) (Bauch et al., 2001; Stein et al. 2003b). 
Sea ice distribution is complex on the Kara Sea shelf. Seasonal sea ice achieves its 
maximum extent in March and the minimum extent in September (Fig. 5.1). Fast ice is 
formed around the coast and islands (Fig. 5.2 b) in the eastern Kara Sea (Borodachev, 
1998, Volkov et al., 2002). It builds up in autumn, increases during January and March and 
lasts until July. Its formation is mainly controlled by winter surface temperatures (Fig. 5.2 
c) and winds. Within or very close to the estuary, river run-off has also an effect on the 
formation process (Divine et al., 2004). In autumn, strong and cold offshore winds separate 
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the fast ice from seasonal (drift) ice leading to ice-free areas (polynyas) where an 
important heat exchange takes place that contributes to deepwater formation (Martin 
and Cavalieri, 1989; Reimnitz et al., 1994; Dethleff et al., 1998; Chapman, 1999). New sea 
ice is formed at the northern border of the polynya (Divine et al., 2004). During the 
formation process high amounts of sediment is incorporated within the ice. Both, (drift) 
ice and sediments are transported from the Kara Sea shelf via the Transpolar Drift across 
the central Arctic to the Fram Strait (Reimnitz et al., 1992, 1995; Eicken et al., 1995). 
 
 
Figure 5.1 (a) Overview map of the Arctic Ocean with positions of the studied sediment cores and the 
bathymetric map of the Kara Sea (IBCAO grid, Jakobsson et al., 2012) with averaged monthly sea ice 
distribution (1978-2010) (http://nsidc.org) and the location of the Marginal Filter (Lisitzin, 1995). (b) and (c) 
show the sea level at ~9 and ~11 ka (Stein et al., 2003b).  
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This study presents IP25- (ice proxy with 25 carbon atoms; Belt et al., 2007) and PIP25- 
(phytoplankton-IP25 index; Müller et al., 2011) based reconstruction of sea ice distribution 
from the southern (Core BP99-04/7 and Core BP00-07/7) to the central Kara Sea (Core 
BP00-36/4) over the last 12.4 ka. Investigating sea ice conditions in the complex 
environment of the Kara Sea shelf by means of IP25 and the PIP25 index is useful to 
understand the proxies’ appearances under such conditions. This is beneficial for 
prospective biomarker interpretation in related environments.  
 
 
Figure 5.2 (a) Position of leads (averaged January-April from 2003-2015, maximum in 2012 and minimum 
in 2003) according to Willmes and Heinemann (2016). (b) Average fast ice distribution map in March, June 
and September (1953-1990) taken from Divine et al. (2004). (c) Monthly average surface air temperature 
in March, June and September (1951-2015) (http://data.giss.nasa.gov/gistemp/references.html). The 
studied sediment cores are marked in all maps by green-black dots. 
 
5.1.2 Biomarkers for sea ice and organic matter source 
The sea ice biomarker IP25 (highly-branched isoprenoid (HBI)-monoene) is exclusively 
produced by Arctic sea ice algae and directly indicative for the absence or presence of 
sea ice above the study site (Belt et al., 2007; Brown et al., 2014). IP25 concentrations in 
surface sediment samples correlate well with satellite-sea ice data validating its 
application as sea ice proxy (Müller et al., 2011; Xiao et al., 2015). However, IP25 as single 
proxy does not allow distinguishing between permanent sea ice cover and ice-free 
conditions. The molecule is absent when sea ice is missing offering the habitat for sea ice 
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algae growth, but it is also absent if permanent thick sea ice covers the ocean preventing 
light penetration underneath the ice layer, necessary for sea ice algae growth. In order to 
distinguish between these two scenarios the PIP25 index was introduced by Müller et al. 
(2011). It combines a phytoplankton biomarker (that is absent under permanent sea ice 
cover but abundant under ice-free conditions) with IP25. Müller et al. (2011) classified the 
PIP25 index for different sea ice situations: A PIP25 index of 0 is indicative for ice-free 
conditions; values lower than 0.5 reflect less or variable sea ice cover; the range between 
0.5 and 0.75 equals seasonal sea ice or ice-edge conditions and an index greater than 0.75 
points to a permanent sea ice cover. 
Meanwhile, IP25 as well as the PIP25 index are well established within the scientific 
community investigating paleo-sea ice cover in the Arctic realm from Quaternary to even 
Miocene time intervals (e.g., Müller et al., 2012; Cabedo-Sanz et al., 2013; Berben et al., 
2014; Müller and Stein, 2014; Stein et al., 2016). However, some constraints of these 
biomarkers require further investigation (see Belt and Müller, 2013; Brown et al., 2014; 
Xiao et al., 2015). 
Recently, Belt et al. (2016) introduced the HBI-diene II (HBI with two double bonds) as 
novel Ice Proxy for the Southern Ocean (IPSO25) indicative for landfast ice around 
Antarctica. This HBI-diene is produced by a tube-dwelling sea ice diatom, which lives in 
the open channels of platelet ice that occurs typically at landfast ice close to the 
Antarctic coast. The HBI-diene could be identified in the studied sediment cores (see 
Appendix C 7, C 10), but these results are not discussed here. A description of the HBI-
diene distribution in the cores from the Laptev Sea is given in Chapter 3. 
Specific sterols may reflect different sources of the organic matter. !-sitosterol and 
campesterol are produced by higher land plants (e.g., Huang and Meinschein, 1976; 
Volkman, 1986) and are commonly used as indicators for terrigenous sources (e.g., Fahl 
and Stein, 1997, 1999, 2007; Xiao et al., 2013, 2015). Dinosterol and brassicasterol are 
produced by phytoplankton (e.g., Volkman, 1986, 2006; Volkman et al., 1993). However, it 
has to be considered, that brassicasterol is less definite in a riverine-dominated regime 
such as the Kara Sea (cf., Fahl et al., 2003). Therefore, in this study the PIP25 index is 
calculated with dinosterol, since brassicasterol is not a reliable marine organic matter 
tracer in our study area. 
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5.2 Material and Method 
5.2.1  Material 
The three investigated sediment cores were taken during RV Akademik Boris Petrov 
expeditions BP99 and BP00 in 1999 and 2000 (Stein and Stepanets, 2000, 2001), carried 
out within the German-Russian research project Siberian River Run-off (SIRRO) (Stein et 
al., 2003a). These cores are located on a South-North transect on the Kara Sea shelf (Fig. 
5.1 a): Core BP99-04/7 is located in the Yenisei Estuary in a water depth of 32 m, ~112 km 
distant from the river mouth close to the Dickson Island. Core BP00-07/7 is situated ~255 
km off the Yenisei delta between two small islands in a water depth of 38 m. Core BP00-
36/4 were taken in the central Kara Sea in a water depth of 66 m, ~245 km further north 
from Core BP00-07/7 (for details see Chapter 2, Tab. 2.1). At site BP99-04, the first 30 cm of 
the sediment sequence of Core BP99-04/7 were disturbed during the coring procedure. 
Thus, a multicorer core taken from the same location (BP99-04/5), was correlated with the 
gravity core providing a complete record over the last ~10 ka (see Fahl and Stein, 2007). 
 
5.2.2  Chronology and Lithology 
The age models for Core BP99-04/7, Core BP00-07/7 and Core BP00-36/4 are based on 13, 
9 and 6 radiocarbon AMS 14C (accelerator mass spectrometry) ages, respectively, 
measured on marine bivalves (Stein et al., 2003b; Simstich et al., 2004; Fahl and Stein, 
2007; see Appendix B1, C1, C2). Due to an over-penetration of Core BP99-04/7 during the 
coring procedure, the multicorer Core BP99-04/5 (with one separate age determination) 
was added on top of the BP99-04/7 sediment sequence (Stein et al., 2003b). The AMS 14C 
ages were calibrated after Stuiver et al. (1998), assuming a reservoir age of 440 years for 
the southern Kara Sea (Mangerud and Gulliksen, 1975). It should be considered that the 
reservoir age might vary during the last 12.4 ka (Werner and Sarnthein, 2016). However, 
we applied the published age model for a direct data comparison. Based on these age 
models Core BP00-36/4 dates back to 12.4 ka, Core BP00-07/7 back to 8.2 ka and Core 
BP99-04/7 back to 10.2 ka. 
The main lithology of all three cores, described in detail by Stein et al. (2003b), consists of 
bioturbated silty clay to clayey silt (see Chapter 2.1.2, Fig. 2.2).  
 
5.2.3 Organic geochemical analyses and proxy calculation 
The total organic carbon (TOC) content was determined by means of the ELTRA Analyser. 
The biomarkers were extracted from 4 - 5 g of the freeze-dried, homogenized sediment 
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using an accelerated solvent extractor (DIONEX, ASE 200; 100 °C, 5 min, 1000 psi) with 
dichlormethane:methanol (2:1 v/v) as solvent. 
For quantification the internal standards (7-hexylnonadecane (0.076 µg/sample), squalane 
(2.4 µg/sample) and cholest-5-en-3-ol-D6 (10.5 µg/sample) were added prior to any 
analytical treatment. 
For analysis of the sterols and hydrocarbons, the fractions were separated by means of 
open column chromatography (SiO2) using n-hexane (5 ml) as solvent for the 
hydrocarbons and ethylacetate:n-hexane 20:80 v/v (7 ml) for the sterols. Sterols were 
derivatized with 200 µl BSTFA (bis-trimethylsilyl-trifluoroacet-amide) for two hours (60 
°C). The biomarker analysis were performed with a Gas Chromatograph (GC) Agilent 
Technologies GC series 6850 and 7850 (30 m DB-1MS column, 0.25 mm inner diameter, 
0.25 µm film, helium as carrier gas) coupled with an Agilent Technologies 5975C VL and 
5977 A Extractor MSD mass selective detector, respectively, (with Triple-Axis Detector, 
70eV constant ionization potential, Scan 50-550 m/z, 1scan/s, ion source temperature 230 
°C) by applying specific temperature programs: for the hydrocarbons, 60 °C (3 min), 150 °C 
(rate: 15 °C/min), 320 °C (rate: 10 °C/min), 320 °C (15 min isothermal) and for the sterols, 60 
°C (2 min), 150 °C (rate: 15 °C/min), 320 °C (rate: 3 °C/min), 320 °C (20 min isothermal). The 
identification and quantification of the sterols (24-methylcholesta-5,22E-dien-3!-ol 
(brassicasterol), 4#-23,24-trimethyl-5#-cholest-22E-en-3!-ol (dinosterol), 24-
methylcholest-5-en-3!-ol (campesterol), 24-ethylcholest-5-en-3!-ol (!-sitosterol) and the 
hydrocarbon (IP25) were performed as described in Fahl and Stein (2012) and Hörner et al. 
(2016). 
The PIP25 index was calculated according to Müller et al., (2011), applying dinosterol as 
phytoplankton biomarker (PIP25). As phytoplankton marker concentrations are 
conspicuously higher compared to IP25 concentrations, a balance factor C has been 
introduced (cf., Müller et al., 2011; EQ 2).  
 
(7) PIP25 = IP25 / (IP25 + (phytoplankton biomarker x C)) 
 
(8) C = mean conc. (IP25) / mean conc. (phytoplankton biomarker) 
 
5.3 Results  
The three cores (mostly Core BP00-07/7) show a short-term variability in all proxies apart 
from general trends. The biomarker records of Core BP00-07/7 were already shown in 
Chapter 4 and are only shortly described here. 
 
Chapter 5 - Paleo-sea ice distribution and Polynya variability on the Kara Sea shelf during the last 12 ka - 
 
    86 
5.3.1 Core BP99-04/7 from the Yenisei estuary 
The content of TOC varies between 0.5 and 1.8 % in the entire core (Fig. 5.3; cf., Stein et al., 
2003b).  
Except in the bottom layer, IP25 (Fig. 5.3) is absent (or below the detection limit of 10 ng) in 
the lowest 40 cm of the sediment sequence. Then, the concentration raises to ~0.003 µg/g 
sediment that is the average concentration up to 120 cm, apart from 4 layers of higher 
concentrations at 590, 572, 420 and 255 cm (0.007, 0.007, 0.009 and 0.005 µg/g sediment, 
respectively). At 120 cm, IP25 is absent, but increases towards the top to 0.005 µg/g 
sediment. In the multicorer core, IP25 reaches maximum values of 0.005 to 0.024 µg/g 
sediment. 
 
 
Figure 5.3 Biomarker records in µg/g sediment and the TOC content in percent of Core BP99-04/7 versus 
depth. Black stars mark the 14C AMS datings by Stein et al. (2003b) and Fahl and Stein (2007). The vertical 
line was set arbitrarily to highlight the reducing trends of the terrigenous biomarkers. 
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Dinosterol is highly variable throughout the entire record, brassicasterol only in the upper 
~450 cm (Fig. 5.3). Brassicasterol steeply increases to 0.4 µg/g sediment within the lowest 
meter, whereas dinosterol clearly increases from ~0.04 µg/g sediment to ~0.43 µg/g 
sediment between 780 to 560 cm. Then, it decreases to values of ~0.15 µg/g sediment and 
fluctuates strongly around this value up to 120 cm, similar to brassicasterol (around 0.1 
µg/g sediment). In the upper 120 cm, the concentrations are higher (0.2 µg/g sediment for 
brassicasterol and 0.3 µg/g sediment for dinosterol).  
 
The distribution patterns of !-sitosterol and campesterol are very similar (Fig. 5.3). 
However, the concentration of !-sitosterol is distinctively (10 times) higher than the 
concentration of campesterol. The concentrations of both sterols are higher between 780 
and 680 cm (~6.5 µg/g sediment for !-sitosterol and ~1 µg/g sediment for campesterol), 
then, lower between 680 and 590 cm (~3.2 µg/g sediment for !-sitosterol and ~0.6 µg/g 
sediment for campesterol). From 600 cm to 120 cm, !-sitosterol and campesterol decrease 
from ~6 and 1 µg/g sediment to ~0.8 and 0.1 µg/g sediment, followed by a slight increase 
to ~2.7 and 0.48 µg/g sediment towards the core top. The biomarker data (in µg/g TOC 
and in µg/ g sediment) are provided in the Appendix C3 - C6. Concentrations in µg/g TOC 
are illustrated in the Appendix C7. 
5.3.2 Core BP00-07/7 from the southern Kara Sea 
The biomarker records are described in detail in Chapter 4.4. The following gives a brief 
summary of the record’s characteristics. 
Generally, all biomarkers are distinctly variable in Core BP00-07/7 (Fig. 5.4). The TOC is 
mostly about ~1 %, apart from seven intervals of TOC contents higher than 1.3 % at ~700, 
590 - 530, 450, 370, 260 - 230, 80 and 40 - 0 cm.  
Brassicasterol and dinosterol vary between ~0.05 - 0.7 µg/g sediment and ~0.1 - 0.5 µg/g 
sediment, respectively. They increase from 200 cm to the core top, whereas !-sitosterol 
and campesterol (with concentrations between ~0.2 - 1.4 µg/g sediment and ~0.1 and 0.3 
µg/g sediment, respectively) decrease throughout the record.  
The IP25 concentrations are of ~0.002 - 0.012 µg/g sediment. Higher values (more than 
0.009 µg/g sediment) occur between 600 and 480 cm. Afterwards, IP25 shows a slightly 
decreasing trend to ~0.002 µg/g sediment up to 50 cm. Over the entire record, prominent 
peaks of high IP25 concentrations (~0.6 - 0.9 µg/g sediment) occur at ~450, 380, 310, 110, 
70, 25 and 10 cm and less high peaks (~0.5 µg/g sediment) at ~360, 200, 150, 130, 95 and 
50 cm. These peaks coincide with low brassicasterol and dinosterol concentrations. 
All biomarkers are highly variable within the upper 180 cm reaching partly both, the 
maximum and minimum concentrations.  
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Figure 5.4 Biomarker records in µg/g sediment and the TOC content in percent of Core BP00-07/7 versus 
depth. Black stars mark the 14C AMS datings by Stein et al. (2003b), Simstich et al. (2004) and Fahl and Stein 
(2007). The vertical line was set arbitrarily to highlight the trends. 
 
 
5.3.3  Core BP00-36/4 from the central Kara Sea 
In Core BP00-36/4, the TOC content decreases from 1 % to 0.55 % between 560 and 370 
cm (Fig. 5.5). Then it increases to 1.05 % within 30 cm and decreases to 0.55 % until 200 
cm. In the last 200 cm, the content rises again to 1.05 % at 130 cm and lowers towards the 
top to 0.6 %. 
At the bottom, IP25 firstly decreases from 0.006 to 0.003 µg/g sediment at 540 cm and then 
increases again up to 0.006 µg/g sediment (Fig. 5.5). From 520 to 350 cm, the IP25 
concentration lowers to 0.001 µg/g sediment and increases afterwards towards the core 
top to 0.0125 µg/g sediment (with a steep rise in the last 50 cm), except for a layer of 
absent IP25 at 260 cm. 
 
Chapter 5 - Paleo-sea ice distribution and Polynya variability on the Kara Sea shelf during the last 12 ka - 
 
    89 
 
Figure 5.5 Biomarker records in µg/g sediment and the TOC content in percent of Core BP00-36/4 versus 
depth. Black stars mark the 14C AMS datings by Stein et al. (2003b), Simstich et al. (2004) and Fahl and 
Stein (2007). The vertical lines were set arbitrarily to highlight the trends. 
 
At 550 cm, sterols are very low (brassicasterol: 0 µg/g sediment; dinsterol: 0.005 µg/g 
sediment; campesterol: 0.01 µg/g sediment; !-sitosterol: 0.25 µg/g sediment; Fig. 5.5). 
Dinosterol fluctuates around 0.04 µg/g sediment between 520 and 350 cm. Its 
concentration is higher between 350 and 320 cm (0.075 µg/g sediment). Brassicasterol is 
absent from the bottom to 275 cm, then increases together with dinosterol (increase of 
dinosterol starts at 320 cm), to values of 0.05 µg/g sediment for brassicasterol and 0.07 
µg/g sediment for dinosterol, apart from a phase between 175 and 130 cm, where both 
sterol concentrations are lower (~0 - 0.01 µg/g sediment for brassicasterol and down to 
0.015 µg/g sediment for dinosterol). !-sitosterol shows a clear decreasing trend 
throughout the entire record, from ~0.5 to ~0.1 µg/g sediment. Campesterol is more 
variable and fluctuates between 0.01 and 0.05 µg/g sediment within the entire sediment 
sequence. The biomarker data (in µg/g TOC and in µg/ g sediment) are provided in the 
Appendix C8 and C9. Concentrations in µg/g TOC are illustrated in the Appendix C10. 
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Figure 5.6 Accumulation of the terrigenous biomarkers (sum of !-sitosterol and campesterol) versus age in the 
cores BP99-04/7 (32 m water depth), BP00-07/7 (38 m water depth) and BP00-36/4 (66 m water depth), 
illustrated in a South-North transect on the Kara Sea shelf. The dotted lines (below) mark the sea level at ~9 
and ~11 ka ago according to Stein et al. (2003b). 
 
5.4 Discussion 
On the Laptev Sea and Kara Sea shelf sediment deposition is mainly controlled by riverine 
terrigenous matter input (Fahl and Stein 1997, 1999; Boucsein and Stein 2000; Stein et al., 
2003a). Furthermore, the freshwater as well as nutrients discharged by the rivers influence 
considerably the environmental conditions. Therefore, the distance to the river mouth 
determines to some parts the environment of a setting on the Kara Sea shelf. This is 
reflected in the South-North decrease in accumulation of terrigenous organic matter 
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since areas, that are situated more distant form the coast, are less supplied by terrigenous 
input (Fig. 5.6). During the last 7 ka, on average 160 g/cm3 ka of terrigenous organic matter 
were deposited in the Yenisei Estuary, whereas the accumulation decreased by a factor of 
~4 to 35 g/cm3 ka in the southern Kara Sea and down to 0.8 g/cm3 ka in the central Kara 
Sea. 
5.4.1  Deglacial to Holocene environment on the Kara Sea shelf 
During the last glacial maximum (LGM), the northern Kara Sea was covered by an ice-
sheet, whereas the ice-sheet most probably did not extend to the southern Kara Sea 
(Svendsen et al., 1999; Polyak et al., 2002; Stein et al., 2002; Jakobsson et al., 2014 and 
references therein). The shelf was exposed due to lowered sea level (~120m; Fairbanks, 
1989). In course of the deglaciation the huge ice sheets melted and the shelves were 
flooded between 16 and 7.5 ka (e.g., Bauch et al., 2001; Stein et al., 2003b; Fig. 5.1 a, b). The 
Holocene transgression changed significantly the environment of the Kara Sea shelf. The 
coastline and the main depocenter migrated southward during the sea level rise (Bauch 
et al., 2001; Dittmers et al., 2003; Stein et al., 2003b, 2004; Stein and MacDonald, 2004; Fig. 
5.1 b, c). The sediment accumulation decreased at the core sites, initiated by the 
southward shift of the main depocenter (Stein et al., 2003b; Fig. 5.7 a, b, c). The post-
glacial sea level rise is also reflected by the strong reduction of terrigenous matter 
accumulation observed in all cores. The distance to the river mouth grew while the 
shelves were flooded and less terrigenous material reached the core sites (Fig. 5.6). 
Moreover, the sharp reductions in the accumulation rates probably indicate abrupt 
climate changes (see Stein et al., 2003b). While a decrease in the proportion of 
terrigenous biomarkers is recognizable during this time, the proportion of marine 
biomarkers increased in the central Kara Sea (Core BP00-36/4; Fig. 5.5). This documents 
the establishment of a marine milieu as also described by Fahl and Stein (2007). The two 
cores from the southern Kara Sea might have been stronger influenced by the Holocene 
transgression. In both cores, it is also represented by decreasing amounts of terrigenous 
and synchronously increasing marine biomarkers until ~7.5 - 6 ka (Figs. 5.3, 5.4). The core 
location of BP99-04/7 was flooded at ~9.3 ka (Fig. 5.1 b, c) and modern conditions were 
reached approximately 2 ka later (Stein et al., 2003b). The lithological features of the 
sediment core (laminated subunit Ib, Stein et al., 2003b, see Chapter 2.1.2; Fig. 5.3) as well 
as the distinct change in the biomarker concentrations between 10.2 and 9.3 ka document 
the flooding of the core site.  
The sea ice records of Core BP00-36/4 represent deglacial climate changes in the central 
Kara Sea (Fig. 5.7 c). Between 12.4 and 11.2 ka, the PIP25 index fluctuates between 0.5 and 
0.8. According to the classification by Müller et al. (2011), seasonal to permanent sea ice 
Chapter 5 - Paleo-sea ice distribution and Polynya variability on the Kara Sea shelf during the last 12 ka - 
 
    92 
was present within this interval. These are the most intense sea ice conditions in the 
central Kara Sea recorded by Core BP00-36/4. This time interval coincides with the 
Younger Dryas cold period (12.9 - 11.6 ka; Stuiver et al., 1995). The climatic deterioration 
was also recorded on Greenland by decreasing "18O ice core data (NGRIP; Andersen et al., 
2004; Fig. 5.7 c) and in several pan-Arctic sea ice records. Synchronously, more intense sea 
ice cover were detected in the Bering Sea/North Pacific (Méheust et al., 2015), in the Fram 
Strait (Müller and Stein, 2014), off northern Norway (Cabedo-Sanz et al., 2013), in the 
western Barents Sea (Belt et al., 2015) and in the Laptev Sea at the western shelf as well as 
close to the interception with the Lomonosov Ridge (Fahl and Stein, 2012).  
 
IP25 concentrations and PIP25 values are low between 11 and 8 ka (Fig. 5.7 c) reflecting less 
sea ice cover in the central Kara Sea after the cold interval. This warmer phase 
representing the Holocene Thermal Maximum (HTM), was caused by the insolation 
maximum in the Northern Hemisphere (e.g., Koç et al., 1993; Bauch et al., 2001; Hald et al., 
2007; Risebrobakken et al., 2010; Fig. 5.7 c). The warmer climate was also documented by 
reduced sea ice cover in the eastern and western Laptev Sea (Fahl and Stein, 2012; Hörner 
et al., 2016) and by warmer and moister climate in the Siberian hinterland (Kuzmina and 
Sher, 2006; Andreev et al., 2009). Moreover, warmest atmospheric temperatures were 
recorded in Greenland ice cores during this interval (Stuiver et al., 1995; Rasmussen et al., 
2006). 
 
Generally, the sea ice indicators are strongly variable in Core BP00-36/4 during the cold 
(Younger Dryas) and warm (HTM) climate phases between 12.4 and 8 ka (Fig. 5.7 c) 
documenting a dynamic system. In addition, three pulses of substantial changes in the 
accumulation rates occurred at ~11, 10 and 9 ka (Fig. 5.7 c) reflecting climatic-induced 
changes (Stein et al., 2003b) that are accompanied by alterations in sea ice cover 
(fluctuation in the PIP25 index; Fig. 5.7 c). That means sea ice cover changed conspicuously 
(also on shorter time scales) during the late Deglacial and the early Holocene in the 
central Kara Sea, most probably caused by climatic alterations. 
5.4.2 The Mid Holocene environment: Towards the modern sea level 
The mid Holocene is also documented by the southern cores, Core BP99-04/7 and Core 
BP00-07/7 representing the last 9.3 and 8.2 ka, respectively. The sea ice records (IP25 
concentration and PIP25 index) of the two cores show generally a different pattern as that 
presented by Core BP00-36/4 from the central part of the Kara Sea (Fig. 5.7). On a first 
view, this induces the impression of different environmental evolution in the southern and 
central Kara Sea during the mid to late Holocene. 
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In order to interpret the IP25 and PIP25 records it is necessary to consider the modern sea 
ice distribution in the southern Kara Sea that is more complex compared to the central 
Kara Sea. Nowadays during spring, the site of Core BP99-04/7 is directly located at the 
border of coastal fast ice and the adjacent polynya (cf. Fig. 5.8 I). A similar sea ice 
constellation prevails at the site of Core BP00-07/7, where fast ice is attached at the 
proximal islands and a polynya is formed in front (Figs. 5.2 a, b; 5.8 I). Fast ice extent in 
spring is mainly influenced by winter surface air temperature (Fig. 5.2 c) and winds. 
Therefore, fast ice expansion is linked to climatic and atmospheric circulation changes 
(Divine et al., 2004, 2005). The climatic influence on fast ice distribution is also obvious 
from modern observations (see minimum and maximum fast ice distribution in the years 
2012 and 2003; Fig. 5.2 a). As IP25 and the PIP25 index are indicative for sea ice conditions 
during spring (Belt et al., 2007) when fast ice is formed (Divine et al., 2004), changes in the 
fast ice - polynya configuration are most likely recorded at cores BP99-04/7 and BP00-
07/7.  
 
As both cores document a phase of lower IP25 concentrations and PIP25 values between ~8 
and 7.5 ka, the sea ice indicators reflect a reduced sea ice cover and reduced fast ice (Figs. 
5.7 a, b; 5.8 III). In addition, a warmer interval, i.e., the Mid-Holocene Climatic Optimum, 
characterized by warmer and moister climate was observed in the Siberian hinterland 
between 8.2 and 7.3 ka (Andreev and Klimanov, 2000; Andreev et al., 2002). It was also 
recorded by other studies from the southern Kara Sea. These studies reported a warmer 
climate determined by lower "18O values measured on ostracods (Simstich et al., 2004), 
higher river discharge (Stein et al., 2004) and enhanced biological productivity (also 
documented by higher phytoplankton biomarker concentrations in the southern cores; 
Figs. 5.3, 5.4) that was probably amplified by higher nutrient supply (Fahl and Stein, 2007). 
Increasing seasonal sea ice is detectable since 8 ka at site BP00-07 (Fig. 5.8 I; black arrow), 
reflected by an increased IP25 concentration and an elevated PIP25 index indicating the 
beginning of a cooling. In the central Kara Sea (Core BP00-36/4) sea ice cover build-up 
started synchronously.  
5.4.3 Sea ice variability during the Late Holocene  
At Core BP00-36/4 accumulation rates dropped down at 8.5 ka due to the post-glacial sea 
level rise causing a migration of the main depocenter (Stein et al., 2003b; Bauch et al., 
2001). Thus, the temporal resolution of the sea ice record is extremely reduced at Core 
BP00-36/4 during the late Holocene. However, the IP25 concentration and the PIP25 index 
display a general increase during the last 7 ka, indicating a cooling trend that is most 
probably triggered by the decreasing incoming summer solar radiation (Laskar et al., 
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2004; Fig. 5.7 c). The late Holocene cooling was observed in several studies from the Arctic 
region with colder climate on northern Greenland (Andersen et al., 2004; Fig. 5.7 c), a 
colder and drier environment in the Kara Sea region (Vorobyova, 1994; Andreev and 
Klimanov, 2000), increasing sea ice cover in the Fram Strait (Müller et al., 2012), around 
Svalbard (Hald et al., 2004; Forwick and Vorren, 2007, 2009; Rasmussen et al., 2012) and in 
the Laptev Sea (Taldenkova et al., 2010; Fahl and Stein, 2012; Hörner et al., 2016). 
Moreover, the cooling trend is also documented in paleo-climate records from lower 
latitudes (see compilation by Wanner et al., 2008). As the environmental conditions were 
not longer affected by the post-glacial sea level rise since ~8.5 ka, the increase of IP25 and 
PIP25 is solely controlled by climate change. A late Holocene centennial climatic 
variability observed globally in numerous studies (see summary by Wanner et al., 2008) 
cannot be resolved within the low-resolution sedimentary record of Core BP00-36/4 (Fig. 
5.7 c). 
 
 
Figure 5.8 Schematic box models of sea ice distribution in the southern Kara Sea. The scenario (I) displays a 
normal situation, (II) shows an extreme cold environment with fast ice expansion to the core sites in the southern 
Kara Sea, (III) illustrates warmer conditions resulting in fast ice retreat and reduced sea ice. 
 
When the modern sea level conditions were established in the southern Kara Sea, 
approximately 7.5 ka ago (Stein et al., 2003b; Fig. 5.7, dashed line), the PIP25 index 
measured on Core BP99-04/7 fluctuated between 0.75 and 0.2 (Fig. 5.7 a). Following the 
classification by Müller et al. (2011), these values reflect predominantly a seasonal sea ice 
cover (including sea ice edge conditions) during the whole time period at the core site. As 
the biomarker records most probably document the signal of the fast ice and the polynya, 
the fluctuations of the PIP25 index might indicate slight changes in extent or location of 
the polynya (Fig. 5.8). The lower PIP25 index (indicative for less sea ice cover) might reflect 
occasionally open-water conditions (Fig. 5.8 III). But at five intervals, at ~7.3, 4.8, 4.4, 3.3 
and 2 ka the PIP25 index is higher than 0.75, indicative for permanent sea ice cover. These 
phases might reflect long-lasting fast ice expansion around the coast to the core site 
during a temporally extremely cold environment with stronger winds (Fig. 5.8 II). The 
phases at ~7.3 and 2 ka coincide with major changes in accumulation rates indicating a 
climatic-induced change (Stein et al., 2003b; Fig. 5.7 a). Additionally, at 2 ka, a change of 
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all measured proxies could be detected (see Chapter 5.3.1, Fig. 5.3). An intensified cooling 
in sub-Arctic regions, called Sub-Atlantic cooling (Fig. 5.7 a, b), was also recognized by 
several environmental reconstructions in the Kara Sea region (e.g., Hahne and Melles, 
1997; Andreev and Klimanov, 2000; Hubberten et al., 2001; Kraus et al., 2003), by 
increasing sea ice extent off northern Iceland (Andrews et al., 2001) and glacier advances 
in northern Norway (Nesje et al., 2001).  
 
In general, the IP25 concentration of Core BP99-04/7 (this study) do not show any clear 
correlation with sea-ice diatom assemblages determined in the same sediment core by 
Polyakova and Stein (2004) (Fig. 5.7 a; Appendix C 11). In addition, a correlation between 
the phytoplankton biomarkers and the marine diatoms as well as between the 
terrigenous biomarkers and the freshwater diatoms could be also not identified (see 
Appendix C 12 and C13). These differences may result from silica dissolution processes 
that reduced the amounts of the diatoms and may distort the results. 
 
 A polynya situation was established close to the core site BP00-07 when the modern sea 
level stand was reached (Fig. 5.7 I). Remarkably, the PIP25 index (values between 0.3 - 0.7) 
shows a decreasing trend during the last 7 ka indicative for reduced sea ice cover (Fig. 5.7 
b). This is in opposite to other late Holocene IP25 and PIP25 records mirroring an extended 
sea ice cover (Fahl and Stein, 2012; Müller et al., 2012; Hörner et al., 2016). However, as 
discussed in Chapter 4, the decrease in IP25 and PIP25 in Core BP00-07/7 follow the general 
cooling trend. At this setting colder air temperature provided an expansion of the fast ice 
and a northward migration of the polynya (cf. Fig. 5.8 II). Consequently, a more frequent 
polynya situation occurred at the core site BP00-07 leading to lower PIP25 values (and 
lower IP25 concentration).  
In addition, distinct peaks in the PIP25 index (and also in sterol concentrations; Fig. 5.4) 
could be detected at Core BP00-07/7 documenting Holocene centennial short-term 
climate variability (Fig. 5.7 b, most intense fluctuations are marked by the dashed 
rectangle). Highest PIP25 peaks up to 0.9 occurred at 5.9, 5.7, 2.9, 1.9, 1.2, 0.2 ka, distinct 
peaks (0.6 - 0.65) at 6.7, 6.3, 5.3, 5, 4.7, 3.5 ka. They correlate with prominent cold short-
term phases documented by various proxies within the Arctic (see Chapter 4), i.e., with 
phases of reduced river run-off (Stein et al., 2004) and less precipitation in the Kara Sea 
(Vorobyova, 1994). Short cold phases are also observed in North America and 
Fennoscandia (Seppä and Birks, 2001; Viau et al., 2006) and by phases of glacier advances 
on Franz Josef Land (Lubinski et al., 1999). Between 4.5 and 3 ka, on the other hand, a 
phase characterized by less sea ice cover, i.e., low IP25 concentrations and PIP25 values at 
Core BP00-07/7, is recorded. Synchronously, increased precipitation (Vorobyova, 1994; 
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Andreev and Klimanov, 2000), stronger river discharge (Stein et al., 2004) and warmer 
climate in Siberia (Andreev and Klimanov, 2000; Andreev et al., 2001) as well as in 
Fennoscandia and northern America (Seppä and Birks, 2001; Viau et al., 2006; Fig. 5.7 b, 
red dashed bar) are observed.  
The PIP25 peaks at ~3 and 2 ka record permanent sea ice cover at the core location (Fig. 
5.7 b, blue bars). Thus, most probably fast ice expands around the islands to the core site 
under extremely cold conditions. An amplified Holocene cooling trend during the last 3 
ka is supported by several studies from different (sub-) Arctic areas (e.g., Grootes et al., 
1993; Nesje et al., 2001; Kraus et al., 2003; Andrews et al., 2006). 
The climatic characteristics of the Holocene, i.e., the cooling trend as well as the 
centennial short-term variability, are documented in Core BP00-07/7, but are not clearly 
recorded in Core BP99-04/7. Generally, river run-off has nearly no effect on fast ice 
formation, except directly in the estuary (Divine et al., 2004) where Core BP99-04/7 is 
located. The immense freshwater supply as well as estuary processes proceeding at site 
BP99-04 may have influenced sea ice formation or sea ice algae growth and most 
probably overprint the climate signal at that location.  
5.5 Conclusions  
o Core BP00-36/4 from the central Kara Sea documents Arctic (global) post-
glacial climate variability, whereas the southern cores (Core BP99-04/7, Core 
BP00-07/7) represent changes in the regional fast ice - polynya constellation. 
o In the central Kara Sea (Core BP00-36/4), sea ice cover was most intense (up 
to permanent sea ice cover) between 12.4 and 11.8 ka coinciding with the 
prominent Younger Dryas cold phase (12.9 - 11.6 ka). Between 10 and 8 ka, 
minimum sea ice was present (Holocene Thermal Maximum). Afterwards, 
increasing sea ice indicators imply the Holocene cooling trend during the last 
7 ka that most probably followed the decreasing summer insolation. 
o Core BP00-07/7 records the Holocene cooling by decreasing IP25 and PIP25 
values, due to the polynya situation at the core site. Moreover, centennial 
Holocene short-term (cyclic) climate variability is documented by changes in 
the sea ice configuration. Consequently, this location is sensitive for abrupt 
short-term climatic variability that has a profound influence on climatic 
changes.  
o Core BP99-04/7 reflect changes in fast ice and polynya distribution. However, 
the strong influence of river run-off close to the Yenisei Estuary might prevent 
to some extent the detection of climatic signals. During the last ~9.3 ka (when 
the core site was flooded) seasonal sea ice cover was present, apart from five 
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phases at 7.2, 4.8, 4.4, 3.3 and 2 ka of permanent sea ice cover, i.e., most 
probably fast ice expansion to the core site. 
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CHAPTER 6 
6 Conclusion and Outlook 
6.1 Conclusion 
The generated biomarker data offer unprecedented insights into post-glacial 
environmental changes on the Laptev Sea and Kara Sea shelves. Distinct millennial 
variability during prominent warm and cold phases is documented in both study areas. 
Increasing sea ice cover and less river discharge is observed during prominent cold 
phases, i.e., during the Deglacial (17.2 - 15.5 ka), between 13 and 11 ka (coinciding with 
the Younger Dryas) and during the late Holocene (<7 ka). The sea ice extent decreased 
and river run-off was enhanced during warmer phases, i.e., between 15.5 and 13 ka 
(Bølling/Allerød) as well as between 10 and 8 ka (Holocene Thermal Maximum). 
Maximum and minimum sea ice conditions on the shelves occurred during the Younger 
Dryas and the Holocene Thermal Maximum, respectively. The warmer phases are further 
characterized by enhanced Atlantic Water inflow to the shelf, shorter sea ice seasons and 
stronger coastal erosion. Notably, these alterations are similar to modern ecologic 
modifications in terms of the global warming (see Chapter 1.1). Therefore, these paleo-
environmental reconstructions might be helpful for predicting our future climate 
evolution.  
 
A spring/summer cooling trend from ~7 ka until present with intensifying sea ice 
conditions and reducing biological production is documented in the Laptev Sea cores as 
well as in the Kara Sea. However, sea ice cover in the southern Kara Sea chiefly shows 
(multi-) centennial climatic variations rather than the millennial trends. Short-term 
fluctuations in sea ice cover and iceberg production could also be detected in Core 
PS51/159 from the Laptev Sea outer shelf during the same interval. There, an 1800-year 
periodicity since 6 ka could be observed. Possibly, the periodic variation of solar activity 
(Bond cycles, 1500 ±500 years) driving AO variability might be the forcing of these 
changes. However, multi-centennial sea ice variability in the southern Kara Sea could not 
be fully related to AO/NAO changes. More likely, the sea ice fluctuations are a 
consequence of a mixture of different internal climate system forces, since processes that 
control sea ice distribution are complex. To fully understand sea ice behavior the forcing 
of its variability should be clarified, especially in terms of future perspectives. Given these 
intense responses of sea ice on short-term (internal) forcings, further research on this 
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topic is essential. This would improve climate predictions since these abrupt fluctuations 
are not well enough included in climate models so far.  
 
During the Holocene transgression, considerable modification in the shelves’ environment 
could be recorded. At first, the early deglacial environment on the Laptev Sea shelf was 
essentially different compared to the Holocene’s, with strongly restricted river run-off and 
biological production. Furthermore, land fast ice above the site of Core PS51/154 between 
17.2 - 16 ka suggests extremely cold conditions and a significant northward shift of the 
polynyas during that time. The polynya’s southward migration in the course of the sea 
level rise might have affected remarkably sea ice and further brine formation. 
Additionally, the proportions of the organic carbon sources changed on the shelf, while 
the riverine-dominated, brackish milieu was displaced southward and a marine milieu 
established accompanied by enhanced biological production. 
In the Laptev Sea and in the Kara Sea the short-term variability of sea ice cover as well as 
river discharge, precipitation and temperature (Vorobyova, 1994; Andreev and Klimanov, 
2000; Stein et al., 2004) appeared during the last ~7 ka, when the modern sea level state 
was reached. Earlier, during the deglacial phase, the signal might have been 
superimposed by other environmental alteration. Additionally, the ecosystem might have 
been more vulnerable against climatic changes when the shelves are flooded. 
Consequently, the response of the processes proceeding on the shallow shelf was 
amplified during the Holocene.  
These are strong evidence for substantial alterations on the Siberian shelf during or 
resulting from the Holocene transgression. The strong changes might have impacted the 
entire Arctic as well as global climate. Furthermore, obliviously stronger environmental 
fluctuations (i.e., a more sensitive environment) when the shelves are flooded support the 
hypothesis postulated by Werner et al. (2013) which suggests a connection between 
intensified Atlantic Water inflow through the Fram Strait since 5 ka and the establishment 
of the shallow marginal seas (see Chapter 1.4). This highlights the strong effect of the sea 
level change on the ecosystems as well as the importance of the shallow shelf seas. 
 
Next to the long-term migration of the polynya during the Holocene transgression, the 
strong late Holocene short-term variability modified the fast ice and polynya distribution 
in the southern Kara Sea. The alterations up to a closed polynya during occasional 
extremely cold conditions are accompanied by considerably diminished sea ice and brine 
production. Such a development on local scale influences deepwater formation on the 
continental margin and further global climate.  
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To conclude, the significant millennial to centennial past changes in sea ice cover, 
polynya distribution, river run-off and biological production on the Siberian shelves might 
have affected the TPD.  
6.2 Outlook 
These environmental reconstructions on the Eurasian site of the Arctic region offered 
important information for understanding and forecasting of ecological responses on 
climate changes. In order to get an overall impression about the behavior of the climate-
relevant components of the Arctic climate system, high-resolution investigations of sea 
ice cover, river run-off and biological production on the Canadian side are also essential. 
These parameters might have also affected the TPD and the BG. Comparing and merging 
the results obtained in this thesis and reconstructions from the Canadian side would be of 
great interest since both would provide a much more complete picture of the TPD’s 
boundary conditions. 
 
According to the research proposal of the Transpolar Drift - project, sub-project History of 
the Transpolar Drift, another interesting climate phase for environmental reconstructions 
would be the Eemian interglacial (130 - 118 ka, MIS 5.5; Fig. 1.7 b) since it can be applied 
as analogue for our future climate (Berger and Loutre, 2002; Kukla et al., 2002). The 
Eemian climate was only slightly warmer than today (ca. 2°C), particular in the high 
latitudes (Clark and Huybers, 2009) most probably resulting from a high summer 
insolation between ~130 and 120 ka (Laskar et al., 2004). In addition, the sea level was 
approximately 6 m higher due to reduced Greenland and Antarctic ice sheets (Hearty et 
al., 2007; Kopp et al., 2009). However, the recovery of high-resolution, undisturbed 
sedimentary sequences covering this time interval is challenging. Nevertheless, as the 
leaders of the project showed, there might be some areas where such sediment archives 
are accessible. For instance, in the Fram Strait, which is the end member of the TPD and 
the direct connection to the Atlantic Ocean, making it to a crucial study area. Information 
about the sea ice distribution during the Eemian by means of biomarkers would of 
interest for model tuning. as well as for understanding climate responses. 
 
HBI-diene investigations at the sediment cores revealed inconsistent results. On the one 
hand, a temperature-dependence could be observed in the cores PS51/154-11 from the 
Laptev Sea upper continental slope and BP00-36/4 from the central Kara Sea. But this 
signal could not be registrated in the other cores. On the other hand, the HBI-diene 
showed a similarity to the terrigenous biomarkers in Core PS51/159 situated on the 
Laptev Sea outer shelf and Core BP99-04/7 located in the Yenisei Estuary indicating a 
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freshwater source. In contrast to these results, the HBI-diene is completely absent in Core 
BP00-7/7 from the southern Kara Sea. This inconsistence implies the suggestion for 
multiple HBI-diene sources in the Siberian marginal seas. However, additional profound 
investigation is needed for reliable and well-founded statements
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APPENDIX 
 
The generated data obtained from the Laptev See sediment cores are published at the 
Data Publisher for Earth & Environmental Science - PANGAEA (https://www.pangaea.de; 
http://dx.doi.org/10.1594/PANGAEA.854067). The data analyzed on the Kara Sea sediment 
cores will be accessible as soon as the manuscripts are published. 
 
The Appendix is separated into three parts - Appendix A, Appendix B, Appendix C - 
providing supplementary material of - Chapter 3, Chapter 4, Chapter 5 -, respectively. 
 
6.3 Appendix A (Chapter 3) 
 
A 1 Blackman-Tukey peridogram of IP25 with 99% confidence. The key periodicity (1800 
years) is highlighted with the rectangle. 
 
 
 
 
 
 
 
 
 
 
- Appendix - 
 
    134 
 
A 2 Comparison between the band-pass filtered 1800-years cycle (blue) with bandwidth of 
0.01 (above) and 0.05 (below) and the linearity detrended IP25 record of Core PS51/159 
(grey ). 
 
 
 
A 3 TOC content and biomarker concentrations in µg/g TOC determined on the sediment 
samples pf Core PS51/154. 
Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
[µg/gTOC] 
5.5 0.721 0.552 1.600 1.943 7.907 3.877 5.696 21.625 
10.5 1.377 0.546 1.672 2.078 7.820 4.121 5.706 20.672 
15.5 2.033 0.478 0.988 1.896 5.574 2.581 5.873 23.900 
20.5 2.689 0.531 1.017 2.152 7.098 0.929 8.786 42.470 
25.5 3.355 0.561 1.109 2.246 8.402 3.881 8.631 35.025 
30.5 4.111 0.616 0.971 2.271 10.289 5.372 11.584 58.879 
35.5 4.868 0.544 1.064 2.190 10.623 5.585 9.871 50.090 
40.5 5.498 0.844 0.779 2.610 14.070 8.766 14.931 91.481 
45.5 5.829 0.889 0.642 2.515 14.853 8.588 18.312 117.021 
50.5 6.161 0.946 0.540 2.006 6.706 8.502 14.468 91.701 
55.5 6.493 0.834 0.688 2.287 14.303 9.035 19.108 124.355 
60.5 6.825 0.785 0.958 3.767 14.700 9.461 16.556 123.352 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
[µg/gTOC] 
70.5 7.489 0.802 0.874 3.268 14.089 6.040 15.148 97.507 
80.5 8.152 0.789 0.572 2.657 13.115 6.349 17.921 111.987 
89.5 8.750 0.804 0.641 2.242 12.793 7.557 15.801 95.861 
99.5 9.413 0.838 0.498 2.594 9.143 5.036 15.836 110.296 
109.5 10.077 0.787 0.533 1.273 12.827 6.446 18.836 130.585 
119.5 10.645 0.773 0.568 4.826 38.150 22.353 53.945 358.811 
129.5 11.097 0.768 0.947 4.308 44.885 22.205 50.946 321.684 
139.5 11.188 0.786 0.972 4.136 46.004 21.522 63.815 442.718 
149.5 11.198 0.756 0.829 3.996 36.560 18.964 58.114 407.487 
159.5 11.208 0.738 0.768 3.466 48.375 20.844 61.842 438.986 
169.5 11.217 0.765 0.454 2.326 44.541 16.847 59.947 442.318 
179.5 11.227 0.753 0.604 2.912 55.327 22.188 76.411 537.342 
189.5 11.236 0.772 0.694 3.087 49.812 21.393 60.622 423.665 
199.5 11.246 0.771 1.519 6.380 53.310 23.956 61.931 442.268 
209.5 11.303 0.732 1.232 3.778 52.050 17.933 73.502 482.716 
219.5 11.399 0.775 1.335 3.948 45.129 18.222 62.421 438.858 
229.5 11.496 0.811 1.275 4.110 44.884 17.905 73.128 520.389 
239.5 11.592 0.814 1.242 4.414 44.511 19.555 68.223 483.568 
249.5 11.688 0.837 0.901 2.687 37.577 16.463 69.585 522.468 
259.5 11.785 0.786 1.221 3.622 45.615 19.862 72.771 522.988 
269.5 11.881 1.598 0.444 1.877 18.224 8.888 31.611 227.486 
279.5 11.977 0.797 0.722 4.221 33.165 15.672 67.082 490.121 
289.5 12.074 0.727 0.326 2.890 21.698 10.861 45.873 315.551 
299.5 12.170 0.649 0.826 2.024 27.060 25.019 28.333 186.934 
309.5 12.495 0.647 0.595 1.918 20.075 27.619 22.492 123.075 
319.5 12.832 0.648 0.468 1.957 30.900 30.051 53.354 372.200 
329.5 13.169 0.756 0.291 3.381 31.523 19.927 68.729 488.983 
339.5 13.507 0.809 0.241 3.235 29.364 22.237 55.244 395.386 
349.5 13.550 0.830 0.230 3.456 27.983 22.553 62.267 444.294 
359.5 13.594 0.848 0.236 4.109 28.743 27.895 55.575 385.539 
369.5 13.637 0.861 0.207 5.307 30.267 9.109 54.965 367.451 
379.5 13.680 0.850 0.110 4.977 25.826 16.446 67.270 507.286 
383.5 13.698 0.405 0.019 5.489 20.705 4.445 106.083 800.861 
389.5 13.723 0.863 0.215 4.629 29.553 19.304 59.476 444.224 
399.5 13.767 0.837 0.303 4.802 28.545 18.993 49.282 375.259 
409.5 13.810 0.816 0.223 5.827 20.808 18.911 49.089 400.827 
419.5 13.853 0.802 0.326 5.496 27.113 22.818 44.571 316.397 
429.5 13.896 0.744 0.063 6.180 17.685 7.711 103.739 831.470 
439.5 13.939 0.860 0.224 4.172 20.501 14.234 53.393 421.570 
449.5 14.052 0.884 0.276 0.981 16.065 18.043 29.974 233.794 
459.5 14.170 0.870 0.204 4.543 17.246 15.307 45.581 336.873 
469.5 14.287 0.804 0.201 6.004 18.348 12.977 59.153 477.065 
479.5 14.404 0.847 0.409 5.459 19.013 14.935 44.998 345.361 
489.5 14.522 0.869 0.168 5.234 16.764 19.228 48.843 384.585 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
[µg/gTOC] 
499.5 14.639 0.835 0.229 5.842 20.033 23.713 47.189 359.053 
505.5 14.709 0.412 0.000 3.117 11.807 7.361 72.983 642.416 
509.5 14.756 0.851 0.208 6.065 14.923 15.980 49.444 405.892 
519.5 14.871 0.871 0.200 7.907 16.591 14.892 63.199 508.505 
529.5 14.969 0.375 0.000 2.595 10.590 4.010 70.140 643.305 
533.5 15.008 0.693 0.078 5.670 15.792 12.654 79.178 735.085 
541.5 15.087 0.476 0.037 8.267 21.833 11.552 58.038 495.293 
549.5 15.166 0.860 0.329 13.260 17.575 11.439 51.860 423.565 
559.5 15.264 0.866 0.433 10.997 20.512 16.484 48.023 367.077 
569.5 15.380 0.658 0.127 9.668 13.347 14.137 23.562 232.698 
579.5 15.547 0.545 0.129 2.044 9.808 7.889 9.088 92.386 
589.5 15.714 0.489 0.000 1.513 8.057 4.915 8.762 60.343 
595.5 15.814 0.461 0.000 0.583 4.786 2.776 7.699 48.500 
599.5 15.881 0.493 0.000 0.369 6.420 2.645 4.974 50.282 
605.5 15.981 0.468 0.000 0.467 9.334 4.785 6.346 55.894 
609.5 16.048 0.449 0.000 0.589 11.327 8.230 13.965 95.529 
615.5 16.148 0.430 0.000 0.600 6.769 9.271 12.119 12.119 
619.5 16.215 0.389 0.000 0.000 9.768 6.307 9.598 61.646 
625.5 16.315 0.512 0.107 2.070 11.117 4.691 33.947 248.944 
629.5 16.381 0.428 0.418 8.794 8.708 5.534 38.010 311.587 
635.5 16.482 0.414 0.000 0.522 11.638 7.373 12.074 82.089 
639.5 16.548 0.350 0.000 0.173 5.860 3.683 5.713 50.162 
645.5 16.648 0.409 0.000 0.622 14.836 7.912 17.748 115.962 
649.5 16.715 0.419 0.000 0.394 10.170 5.314 8.602 51.104 
655.5 16.815 0.386 0.000 0.178 6.794 3.783 5.006 46.667 
659.5 16.882 0.359 0.000 0.226 6.312 3.263 5.634 48.902 
665.5 16.982 0.365 0.000 0.124 7.934 4.475 6.329 42.807 
671.5 17.082 0.397 0.000 0.220 7.643 4.562 8.871 60.141 
 
A 4 Biomarker concentrations in µg/g sediment determined on the sediment samples pf 
Core PS51/154. 
Depth 
(cm) 
Age (ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
brassicasterol 
(µg/gSed) 
dinosterol 
(µg/gSed) 
campesterol 
(µg/gSed) 
!-sitosterol 
(µg/gSed) 
5.5 0.721 0.009 0.011 0.044 0.021 0.031 0.119 
10.5 1.377 0.009 0.011 0.043 0.022 0.031 0.113 
15.5 2.033 0.005 0.009 0.027 0.012 0.028 0.114 
20.5 2.689 0.005 0.011 0.038 0.005 0.047 0.225 
25.5 3.355 0.006 0.013 0.047 0.022 0.048 0.196 
30.5 4.111 0.006 0.014 0.063 0.033 0.071 0.363 
35.5 4.868 0.006 0.012 0.058 0.030 0.054 0.273 
40.5 5.498 0.007 0.022 0.119 0.074 0.126 0.772 
45.5 5.829 0.006 0.022 0.132 0.076 0.163 1.040 
50.5 6.161 0.005 0.019 0.063 0.080 0.137 0.867 
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Depth 
(cm) 
Age (ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
brassicasterol 
(µg/gSed) 
dinosterol 
(µg/gSed) 
campesterol 
(µg/gSed) 
!-sitosterol 
(µg/gSed) 
55.5 6.493 0.006 0.019 0.119 0.075 0.159 1.037 
60.5 6.825 0.008 0.030 0.115 0.074 0.130 0.969 
70.5 7.489 0.007 0.026 0.113 0.048 0.121 0.782 
80.5 8.152 0.005 0.021 0.103 0.050 0.141 0.884 
89.5 8.750 0.005 0.018 0.103 0.061 0.127 0.771 
99.5 9.413 0.004 0.022 0.077 0.042 0.133 0.925 
109.5 10.077 0.004 0.010 0.101 0.051 0.148 1.028 
119.5 10.645 0.004 0.037 0.295 0.173 0.417 2.774 
129.5 11.097 0.007 0.033 0.345 0.171 0.391 2.471 
139.5 11.188 0.008 0.033 0.362 0.169 0.502 3.480 
149.5 11.198 0.006 0.030 0.276 0.143 0.439 3.081 
159.5 11.208 0.006 0.026 0.357 0.154 0.457 3.241 
169.5 11.217 0.003 0.018 0.341 0.129 0.459 3.384 
179.5 11.227 0.005 0.022 0.417 0.167 0.575 4.045 
189.5 11.236 0.005 0.024 0.384 0.165 0.468 3.269 
199.5 11.246 0.012 0.049 0.411 0.185 0.478 3.411 
209.5 11.303 0.009 0.028 0.381 0.131 0.538 3.534 
219.5 11.399 0.010 0.031 0.350 0.141 0.484 3.403 
229.5 11.496 0.010 0.033 0.364 0.145 0.593 4.218 
239.5 11.592 0.010 0.036 0.362 0.159 0.556 3.938 
249.5 11.688 0.008 0.022 0.314 0.138 0.582 4.371 
259.5 11.785 0.010 0.028 0.359 0.156 0.572 4.112 
269.5 11.881 0.007 0.030 0.291 0.142 0.505 3.635 
279.5 11.977 0.006 0.034 0.264 0.125 0.535 3.906 
289.5 12.074 0.002 0.021 0.158 0.079 0.333 2.293 
299.5 12.170 0.005 0.013 0.176 0.162 0.184 1.214 
309.5 12.495 0.004 0.012 0.130 0.179 0.146 0.797 
319.5 12.832 0.003 0.013 0.200 0.195 0.346 2.411 
329.5 13.169 0.002 0.026 0.238 0.151 0.519 3.695 
339.5 13.507 0.002 0.026 0.237 0.180 0.447 3.198 
349.5 13.550 0.002 0.029 0.232 0.187 0.517 3.686 
359.5 13.594 0.002 0.035 0.244 0.236 0.471 3.269 
369.5 13.637 0.002 0.046 0.261 0.078 0.473 3.163 
379.5 13.680 0.001 0.042 0.219 0.140 0.572 4.311 
383.5 13.698 0.000 0.022 0.084 0.018 0.430 3.246 
389.5 13.723 0.002 0.040 0.255 0.167 0.513 3.834 
399.5 13.767 0.003 0.040 0.239 0.159 0.413 3.141 
409.5 13.810 0.002 0.048 0.170 0.154 0.400 3.269 
419.5 13.853 0.003 0.044 0.217 0.183 0.357 2.537 
429.5 13.896 0.000 0.046 0.132 0.057 0.772 6.189 
439.5 13.939 0.002 0.036 0.176 0.122 0.459 3.624 
449.5 14.052 0.002 0.009 0.142 0.160 0.265 2.067 
459.5 14.170 0.002 0.040 0.150 0.133 0.397 2.932 
469.5 14.287 0.002 0.048 0.148 0.104 0.476 3.837 
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Depth 
(cm) 
Age (ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
brassicasterol 
(µg/gSed) 
dinosterol 
(µg/gSed) 
campesterol 
(µg/gSed) 
!-sitosterol 
(µg/gSed) 
479.5 14.404 0.003 0.046 0.161 0.126 0.381 2.925 
489.5 14.522 0.001 0.045 0.146 0.167 0.424 3.342 
499.5 14.639 0.002 0.049 0.167 0.198 0.394 2.997 
505.5 14.709 0.000 0.013 0.049 0.030 0.300 2.644 
509.5 14.756 0.002 0.052 0.127 0.136 0.421 3.453 
519.5 14.871 0.002 0.069 0.145 0.130 0.551 4.430 
529.5 14.969 0.000 0.010 0.040 0.015 0.263 2.413 
533.5 15.008 0.001 0.039 0.110 0.088 0.549 5.098 
541.5 15.087 0.000 0.039 0.104 0.055 0.276 2.359 
549.5 15.166 0.003 0.114 0.151 0.098 0.446 3.642 
559.5 15.264 0.004 0.095 0.178 0.143 0.416 3.178 
569.5 15.380 0.001 0.064 0.088 0.093 0.155 1.531 
579.5 15.547 0.001 0.011 0.053 0.043 0.050 0.504 
589.5 15.714 0.000 0.007 0.039 0.024 0.043 0.295 
595.5 15.814 0.000 0.003 0.022 0.013 0.036 0.224 
599.5 15.881 0.000 0.002 0.032 0.013 0.025 0.248 
605.5 15.981 0.000 0.002 0.044 0.022 0.030 0.261 
609.5 16.048 0.000 0.003 0.051 0.037 0.063 0.429 
615.5 16.148 0.000 0.003 0.029 0.040 0.000 0.316 
619.5 16.215 0.000 0.000 0.038 0.025 0.037 0.240 
625.5 16.315 0.001 0.011 0.057 0.024 0.174 1.274 
629.5 16.381 0.002 0.038 0.037 0.024 0.163 1.333 
635.5 16.482 0.000 0.002 0.048 0.031 0.050 0.340 
639.5 16.548 0.000 0.001 0.021 0.013 0.020 0.176 
645.5 16.648 0.000 0.003 0.061 0.032 0.073 0.475 
649.5 16.715 0.000 0.002 0.043 0.022 0.036 0.214 
655.5 16.815 0.000 0.001 0.026 0.015 0.019 0.180 
659.5 16.882 0.000 0.001 0.023 0.012 0.020 0.176 
665.5 16.982 0.000 0.000 0.029 0.016 0.023 0.156 
671.5 17.082 0.000 0.001 0.030 0.018 0.035 0.239 
 
 
- Appendix - 
 
    139 
A 5 Biomarker contents determined on Core PS51/154 in µg/g sediment versus depth. 
 
 
A 6 TOC content and biomarker concentrations in µg/g TOC determined on the sediment 
samples of Core PS51/159. 
Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
(µg/gTOC) 
4.5 0.210 1.068 3.188 0.686 41.840 14.607 36.028 134.157 
6.5 0.304 0.942 3.546 0.695 57.661 15.138 41.566 208.473 
8.5 0.397 0.931 3.328 0.699 48.731 9.533 31.849 136.697 
10.5 0.491 0.990 3.109 0.601 28.367 7.351 18.104 53.975 
11.5 0.568 0.916 3.223 0.701 26.052 7.147 17.860 54.740 
13.5 0.782 0.997 2.054 0.439 25.743 4.779 17.575 64.520 
15.5 0.996 1.031 2.151 0.451 25.088 6.687 14.511 47.553 
17.5 1.211 0.964 1.295 0.264 20.312 6.357 11.919 37.290 
19.5 1.425 1.012 1.436 0.297 17.861 5.679 11.113 33.056 
20.5 1.532 0.937 1.427 0.326 26.056 8.068 16.291 50.854 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
(µg/gTOC) 
22.5 1.747 0.824 1.366 0.277 18.506 4.991 12.348 34.076 
24.5 1.961 0.883 2.216 0.432 27.767 10.040 19.207 57.718 
25.5 2.068 0.867 1.644 0.340 20.403 6.853 14.499 41.961 
27.5 2.282 0.940 2.170 0.470 19.554 7.158 12.804 36.474 
29.5 2.497 1.020 1.739 0.331 17.161 6.100 11.264 32.586 
31.5 2.711 1.033 2.090 0.396 29.949 8.714 18.710 53.709 
32.5 2.818 0.847 1.198 0.250 22.372 6.889 16.937 45.551 
33.5 2.926 1.032 1.094 0.229 27.420 9.329 18.734 56.171 
35.5 3.140 1.046 1.636 0.342 24.594 7.994 15.617 41.010 
38.5 3.461 0.929 1.380 0.276 25.603 8.021 14.746 43.716 
40.5 3.676 0.708 1.440 0.295 20.960 6.070 12.792 35.741 
41.5 3.783 0.895 1.863 0.402 21.163 6.996 12.473 38.496 
42.5 3.890 0.877 2.138 0.424 21.142 6.910 12.309 34.532 
44.5 4.104 0.877 1.729 0.347 26.128 8.647 16.179 45.618 
47.5 4.426 0.882 1.632 0.353 19.628 7.536 13.243 37.740 
50.5 4.748 1.031 1.720 0.355 22.727 8.950 13.901 41.755 
51.5 4.855 0.828 1.855 0.422 27.839 8.066 15.333 44.883 
53.5 5.069 0.836 1.495 0.304 29.283 10.670 16.178 48.423 
55.5 5.283 0.940 1.685 0.383 26.095 10.388 16.265 46.257 
56.5 5.358 0.811 1.644 0.389 24.981 10.584 14.238 45.279 
57.5 5.399 0.889 1.848 0.411 26.792 11.564 14.978 49.369 
60.5 5.524 0.897 0.731 0.154 20.975 12.244 15.143 47.414 
62.5 5.607 1.065 1.686 0.364 24.951 13.205 15.643 48.265 
64.5 5.690 0.867 1.510 0.330 24.715 13.815 15.211 45.494 
66.5 5.773 0.877 1.326 0.303 23.347 11.288 13.910 43.997 
68.5 5.856 1.016 1.222 0.268 23.815 11.389 13.463 44.457 
70.5 5.940 0.978 1.170 0.262 33.840 16.277 18.582 63.342 
73.5 6.064 0.858 1.172 0.269 34.399 15.305 18.893 66.002 
75.5 6.147 0.877 1.215 0.271 32.422 13.614 20.107 57.934 
77.5 6.231 0.937 0.865 0.189 28.596 12.866 15.655 51.268 
80.5 6.355 0.834 1.554 0.291 25.888 11.975 12.927 44.901 
82.5 6.438 0.981 1.191 0.258 24.727 13.643 13.322 44.958 
84.5 6.521 0.967 0.716 0.166 34.856 18.510 20.597 73.184 
86.5 6.605 0.853 1.278 0.272 31.921 17.401 19.402 70.091 
87.5 6.646 0.936 0.547 0.156 21.964 11.186 16.615 69.622 
88.5 6.688 0.963 0.716 0.209 20.502 12.870 17.600 77.551 
90.5 6.784 0.955 1.075 0.316 25.157 11.572 22.446 101.432 
92.5 6.920 0.893 1.322 0.407 24.153 9.901 22.214 112.726 
94.5 7.056 0.958 0.393 0.164 21.441 11.474 33.271 180.893 
96.5 7.192 0.946 0.759 0.325 24.685 11.619 29.253 177.291 
98.5 7.329 0.879 0.677 0.236 21.268 11.738 25.630 150.023 
100.5 7.465 0.922 0.591 0.229 22.229 11.995 35.698 221.770 
102.5 7.601 1.001 0.568 0.278 28.318 11.091 35.601 220.176 
104.5 7.737 0.890 0.687 0.263 26.474 12.775 44.959 302.680 
- Appendix - 
 
    141 
Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
(µg/gTOC) 
107.5 7.941 0.919 0.295 0.149 22.786 11.099 37.871 251.460 
109.5 8.077 0.874 0.694 0.312 29.382 12.411 41.013 243.526 
111.5 8.214 0.991 0.702 0.324 22.180 9.241 29.815 184.975 
112.5 8.282 1.029 0.456 0.188 22.518 10.623 32.189 193.801 
113.5 8.350 0.941 0.684 0.273 24.688 10.699 32.294 191.598 
116.5 8.554 0.914 0.755 0.402 20.997 11.776 33.591 214.879 
118.5 8.690 0.995 0.947 0.410 33.386 14.832 53.628 320.403 
120.5 8.826 1.026 0.300 0.165 26.078 11.385 43.631 287.467 
122.5 8.962 1.029 0.475 0.261 28.168 10.870 41.751 263.984 
124.5 9.099 0.857 0.453 0.335 25.962 11.620 65.897 437.445 
126.5 9.235 0.894 0.402 0.281 19.512 9.336 53.241 360.497 
128.5 9.371 0.918 0.531 0.292 26.119 12.648 43.704 281.931 
130.5 9.507 0.876 0.633 0.272 24.457 10.923 39.542 220.315 
136.5 9.585 0.846 0.445 0.288 24.147 10.215 45.712 299.605 
140.5 9.617 0.884 0.751 0.381 25.713 12.085 45.157 296.668 
145.5 9.658 0.863 0.560 0.271 22.873 10.055 39.362 249.181 
150.5 9.698 0.936 0.600 0.287 23.758 11.149 38.414 236.608 
155.5 9.738 0.852 0.586 0.277 27.278 12.507 43.925 278.689 
160.5 9.778 0.999 0.559 0.306 31.975 13.016 46.366 288.708 
165.5 9.818 0.981 0.363 0.234 21.531 11.337 41.817 280.963 
170.5 9.858 0.979 0.606 0.281 25.377 11.444 50.559 309.679 
175.5 9.899 0.842 0.677 0.383 26.683 12.685 45.868 335.827 
180.5 9.939 0.946 0.426 0.263 21.982 10.023 52.392 347.462 
186.5 9.987 0.968 0.537 0.297 27.163 12.180 43.150 249.476 
190.5 10.019 0.982 0.437 0.178 27.920 10.611 41.157 241.482 
205.5 10.140 0.983 0.521 0.274 27.843 13.335 44.716 279.068 
215.5 10.217 0.879 0.680 0.396 20.873 9.510 38.022 230.218 
220.5 10.230 0.815 0.624 0.287 25.208 10.329 41.284 262.387 
230.5 10.256 0.729 0.873 0.442 16.843 10.853 33.856 219.080 
243.5 10.290 0.755 0.818 0.320 18.858 9.865 30.380 182.452 
256.5 10.323 0.818 0.911 0.360 19.432 11.860 34.804 219.023 
270.5 10.360 0.702 0.682 0.281 17.150 10.664 34.662 206.929 
280.5 10.386 0.793 0.761 0.394 20.529 9.319 36.764 219.057 
290.5 10.412 0.791 0.504 0.252 16.657 11.257 29.130 180.721 
300.5 10.437 0.716 0.604 0.250 23.476 14.804 38.705 235.874 
310.5 10.463 0.709 0.540 0.250 19.138 8.605 31.499 189.604 
320.5 10.573 0.826 0.631 0.302 19.912 13.328 43.707 281.497 
335.5 10.840 0.779 0.543 0.273 27.269 14.035 49.905 317.706 
350.5 11.107 0.862 0.682 0.274 20.605 13.166 36.249 218.279 
355.5 11.196 0.959 0.688 0.326 18.530 14.340 44.147 272.674 
360.5 11.285 0.862 0.732 0.286 21.625 15.706 39.803 238.445 
370.5 11.463 0.861 0.953 0.375 27.560 13.800 42.314 248.553 
380.5 11.642 0.848 0.882 0.362 22.789 12.219 44.646 291.375 
390.5 11.820 0.764 1.062 0.372 17.195 10.364 24.101 142.538 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
brassicasterol 
(µg/gTOC) 
dinosterol 
(µg/gTOC) 
campesterol 
(µg/gTOC) 
!-sitosterol 
(µg/gTOC) 
400.5 11.998 0.812 0.379 0.184 21.027 10.669 40.875 271.895 
410.5 12.170 0.861 0.131 0.257 19.949 9.521 43.318 301.008 
418.5 12.220 0.850 0.110 0.187 18.249 8.566 38.397 274.001 
 
 
A 7 Biomarker concentrations in µg/g sediment determined on the sediment samples of 
Core PS51/159. 
Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
brassicasterol 
(µg/gSed) 
dinosterol 
(µg/gSed) 
campesterol 
(µg/gSed) 
!-sitosterol 
(µg/gSed) 
4.5 0.210273 0.034 0.073 0.447 0.156 0.385 1.433 
6.5 0.303727 0.033 0.065 0.537 0.141 0.387 1.941 
8.5 0.397182 0.030 0.064 0.446 0.087 0.292 1.252 
10.5 0.490636 0.032 0.062 0.292 0.076 0.187 0.556 
11.5 0.567589 0.031 0.068 0.251 0.069 0.172 0.528 
13.5 0.781944 0.019 0.041 0.241 0.045 0.165 0.605 
15.5 0.996300 0.019 0.040 0.221 0.059 0.128 0.420 
17.5 1.210656 0.012 0.025 0.191 0.060 0.112 0.350 
19.5 1.425011 0.015 0.031 0.184 0.059 0.115 0.341 
20.5 1.532189 0.012 0.028 0.221 0.068 0.138 0.431 
22.5 1.746544 0.014 0.029 0.194 0.052 0.129 0.356 
24.5 1.960900 0.016 0.031 0.197 0.071 0.136 0.409 
25.5 2.068078 0.015 0.030 0.183 0.061 0.130 0.375 
27.5 2.282433 0.019 0.041 0.171 0.063 0.112 0.320 
29.5 2.496789 0.018 0.034 0.177 0.063 0.116 0.336 
31.5 2.711144 0.017 0.033 0.250 0.073 0.156 0.449 
32.5 2.818322 0.011 0.024 0.210 0.065 0.159 0.428 
33.5 2.925500 0.009 0.019 0.222 0.076 0.152 0.456 
35.5 3.139856 0.015 0.031 0.221 0.072 0.140 0.368 
38.5 3.461389 0.012 0.024 0.224 0.070 0.129 0.383 
40.5 3.675744 0.014 0.029 0.205 0.059 0.125 0.350 
41.5 3.782922 0.016 0.034 0.182 0.060 0.107 0.330 
42.5 3.890100 0.019 0.037 0.185 0.061 0.108 0.303 
44.5 4.104456 0.014 0.029 0.218 0.072 0.135 0.380 
47.5 4.425989 0.014 0.030 0.167 0.064 0.113 0.322 
50.5 4.747522 0.016 0.034 0.217 0.085 0.133 0.399 
51.5 4.854700 0.017 0.038 0.249 0.072 0.137 0.401 
53.5 5.069056 0.014 0.029 0.277 0.101 0.153 0.458 
55.5 5.283411 0.016 0.035 0.241 0.096 0.150 0.426 
56.5 5.357779 0.016 0.039 0.250 0.106 0.142 0.453 
57.5 5.399338 0.016 0.037 0.238 0.103 0.133 0.439 
60.5 5.524015 0.007 0.015 0.208 0.121 0.150 0.470 
62.5 5.607132 0.016 0.034 0.235 0.124 0.147 0.454 
64.5 5.690250 0.015 0.033 0.246 0.137 0.151 0.453 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
brassicasterol 
(µg/gSed) 
dinosterol 
(µg/gSed) 
campesterol 
(µg/gSed) 
!-sitosterol 
(µg/gSed) 
66.5 5.773368 0.014 0.031 0.240 0.116 0.143 0.453 
68.5 5.856485 0.011 0.024 0.213 0.102 0.120 0.398 
70.5 5.939603 0.010 0.023 0.297 0.143 0.163 0.555 
73.5 6.064279 0.010 0.023 0.297 0.132 0.163 0.569 
75.5 6.147397 0.010 0.023 0.276 0.116 0.171 0.494 
77.5 6.230515 0.008 0.019 0.281 0.126 0.154 0.503 
80.5 6.355191 0.015 0.028 0.245 0.113 0.122 0.425 
82.5 6.438309 0.012 0.025 0.243 0.134 0.131 0.442 
84.5 6.521426 0.006 0.015 0.306 0.163 0.181 0.643 
86.5 6.604544 0.009 0.020 0.233 0.127 0.141 0.511 
87.5 6.646103 0.004 0.012 0.166 0.084 0.125 0.526 
88.5 6.687662 0.006 0.017 0.168 0.105 0.144 0.634 
90.5 6.784037 0.009 0.025 0.199 0.092 0.178 0.804 
92.5 6.920183 0.009 0.029 0.173 0.071 0.159 0.807 
94.5 7.056329 0.003 0.014 0.177 0.095 0.275 1.495 
96.5 7.192476 0.007 0.028 0.213 0.100 0.252 1.528 
98.5 7.328622 0.006 0.020 0.183 0.101 0.221 1.293 
100.5 7.464768 0.005 0.019 0.189 0.102 0.303 1.881 
102.5 7.600915 0.005 0.023 0.230 0.090 0.289 1.787 
104.5 7.737061 0.006 0.022 0.225 0.109 0.382 2.573 
107.5 7.941280 0.003 0.014 0.208 0.101 0.346 2.296 
109.5 8.077427 0.005 0.022 0.210 0.089 0.293 1.739 
111.5 8.213573 0.005 0.024 0.163 0.068 0.220 1.363 
112.5 8.281646 0.003 0.014 0.169 0.080 0.242 1.454 
113.5 8.349720 0.006 0.024 0.221 0.096 0.289 1.715 
116.5 8.553939 0.006 0.033 0.170 0.095 0.272 1.739 
118.5 8.690085 0.007 0.029 0.236 0.105 0.380 2.269 
120.5 8.826232 0.003 0.016 0.248 0.108 0.414 2.729 
122.5 8.962378 0.004 0.023 0.249 0.096 0.369 2.332 
124.5 9.098524 0.005 0.036 0.277 0.124 0.704 4.672 
126.5 9.234671 0.003 0.020 0.136 0.065 0.371 2.512 
128.5 9.370817 0.005 0.025 0.226 0.109 0.378 2.440 
130.5 9.506963 0.006 0.027 0.243 0.109 0.393 2.191 
136.5 9.585196 0.004 0.025 0.209 0.088 0.395 2.589 
140.5 9.617339 0.007 0.034 0.230 0.108 0.404 2.656 
145.5 9.657518 0.006 0.028 0.235 0.103 0.405 2.561 
150.5 9.697696 0.006 0.027 0.223 0.105 0.361 2.221 
155.5 9.737875 0.005 0.024 0.238 0.109 0.383 2.429 
160.5 9.778054 0.005 0.028 0.290 0.118 0.420 2.614 
165.5 9.818232 0.004 0.023 0.209 0.110 0.406 2.725 
170.5 9.858411 0.006 0.026 0.232 0.105 0.462 2.829 
175.5 9.898589 0.006 0.036 0.250 0.119 0.430 3.148 
180.5 9.938768 0.004 0.023 0.193 0.088 0.461 3.055 
186.5 9.986982 0.004 0.025 0.224 0.101 0.357 2.061 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
brassicasterol 
(µg/gSed) 
dinosterol 
(µg/gSed) 
campesterol 
(µg/gSed) 
!-sitosterol 
(µg/gSed) 
190.5 10.019125 0.005 0.018 0.288 0.110 0.425 2.494 
205.5 10.139661 0.005 0.025 0.256 0.123 0.412 2.570 
215.5 10.217295 0.006 0.037 0.195 0.089 0.355 2.149 
220.5 10.230245 0.005 0.025 0.220 0.090 0.361 2.292 
230.5 10.256145 0.008 0.041 0.156 0.100 0.313 2.027 
243.5 10.289815 0.008 0.033 0.195 0.102 0.314 1.885 
256.5 10.323485 0.008 0.033 0.176 0.107 0.315 1.985 
270.5 10.359745 0.007 0.028 0.170 0.106 0.343 2.050 
280.5 10.385645 0.007 0.036 0.190 0.086 0.340 2.026 
290.5 10.411545 0.005 0.027 0.176 0.119 0.308 1.913 
300.5 10.437445 0.005 0.022 0.204 0.129 0.336 2.050 
310.5 10.463345 0.006 0.028 0.215 0.097 0.354 2.130 
320.5 10.572958 0.007 0.033 0.216 0.145 0.474 3.055 
335.5 10.840116 0.005 0.027 0.269 0.138 0.492 3.132 
350.5 11.107274 0.008 0.031 0.235 0.150 0.413 2.484 
355.5 11.196326 0.007 0.032 0.183 0.142 0.436 2.693 
360.5 11.285379 0.007 0.026 0.198 0.143 0.364 2.178 
370.5 11.463484 0.009 0.034 0.249 0.124 0.382 2.241 
380.5 11.641589 0.008 0.034 0.214 0.115 0.419 2.737 
390.5 11.819695 0.011 0.039 0.179 0.108 0.250 1.481 
400.5 11.997800 0.005 0.024 0.271 0.138 0.527 3.508 
410.5 12.170093 0.001 0.029 0.223 0.107 0.485 3.368 
418.5 12.219587 0.002 0.026 0.250 0.117 0.526 3.752 
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A 8 Biomarker contents determined on Core PS51/159 in µg/g sediment versus depth. 
 
 
A 9 Table with maximum, minimum and mean concentrations of all measured proxies 
in the sediment cores PS51/154 (154) and PS51/159 (159). 
 Max. conc. [µg/g TOC] Min. conc. [µg/g TOC] Mean conc. [µg/g TOC] 
Sediment core 154              159 154                    159     154           159  
TOC 1.598       1.369 0.350      0.637 0.691 0.95 
IP25 1.672 3.546 0       0.110 0.468 1.104 
HBI-diene 13.260 0.701 0.124      0.149 3.482 0.321 
brassicasterol 55.327 57.661 4.786     16.657 21.054 24.869 
dinosterol 30.051 18.510 0.929     4.779 12.561 10.856 
campesterol 106.083 65.897 4.974    11.113 38.992 29.198 
!-sitosterol 831.470 437.445 12.119    32.586 287.543 160.365 
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6.4 Appendix B (Chapter 4) 
 
B 1 The applied linear age-depth relationship of the 14C AMS datings of Core BP00-07/7 
taken from Stein et al. (2003b), Simstich et al. (2004) and Fahl and Stein (2007). 
 
 
 
 
B 2 TOC content and biomarker concentrations in µg/g TOC determined on the sediment 
samples of Core BP00-07/7. 
Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
10.5 0.091 1.406 0.847 37.740 36.799 24.009 86.656 
20.5 0.177 1.350 0.348 10.034 7.763 7.136 22.982 
30.5 0.264 1.279 0.538 27.406 44.388 17.729 70.079 
40.5 0.746 1.315 0.223 9.685 16.144 6.004 24.551 
50.5 0.929 1.058 0.487 29.358 45.334 17.192 70.707 
60.5 1.113 1.015 0.409 10.717 7.425 6.256 25.774 
70.5 1.296 1.013 0.678 25.845 38.760 15.953 62.610 
80.5 1.479 1.000 0.300 13.936 19.823 8.864 34.694 
85.5 1.571 1.232 0.206 15.522 22.844 10.274 35.314 
90.5 1.663 1.343 0.294 21.318 28.128 15.358 62.843 
95.5 1.754 1.049 0.430 30.350 35.287 25.311 91.097 
100.5 1.846 1.113 0.335 13.234 9.217 10.713 37.949 
105.5 1.938 0.915 0.342 13.295 5.116 10.611 40.830 
110.5 2.029 0.982 0.592 24.444 30.262 15.763 57.897 
115.5 2.121 1.033 0.613 21.848 26.287 13.631 50.208 
120.5 2.213 0.970 0.248 10.859 12.713 7.931 29.052 
130.5 2.396 0.976 0.441 19.831 29.614 14.094 58.431 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
140.5 2.579 0.893 0.280 10.338 14.557 7.271 25.679 
145.5 2.671 0.932 0.199 9.877 16.268 7.676 29.668 
150.5 2.763 1.008 0.432 18.147 29.975 13.989 58.398 
155.5 2.851 0.985 0.478 24.402 26.704 20.874 65.850 
160.5 2.913 1.032 0.314 8.533 2.154 4.902 20.556 
170.5 3.036 0.960 0.347 25.173 36.482 18.505 80.052 
180.5 3.160 0.905 0.275 15.545 22.557 9.579 39.508 
190.5 3.283 0.987 0.368 25.583 33.124 16.924 71.628 
197.5 3.369 1.034 0.505 21.104 22.453 12.700 52.794 
201.5 3.419 0.985 0.223 13.391 13.748 8.919 33.293 
205.5 3.468 0.961 0.299 10.809 8.737 6.184 22.782 
210.5 3.530 0.957 0.366 27.583 28.497 16.499 70.074 
220.5 3.653 1.001 0.258 12.660 12.854 7.476 24.926 
230.5 3.776 1.391 0.330 19.062 21.380 12.104 47.897 
250.5 3.968 1.212 0.289 22.571 25.612 12.214 57.256 
260.5 4.111 1.088 0.343 23.233 20.068 14.292 54.506 
270.5 4.253 1.343 0.431 21.329 21.941 14.366 50.539 
280.5 4.396 1.026 0.205 32.582 26.352 19.967 71.285 
290.5 4.538 1.016 0.514 25.872 31.659 19.542 71.354 
300.5 4.681 0.973 0.302 21.317 14.220 14.137 53.794 
310.5 4.823 1.023 0.670 23.659 21.681 17.878 64.828 
320.5 4.966 0.972 0.395 27.985 33.908 15.611 54.941 
325.5 5.037 1.012 0.325 27.654 12.277 15.420 52.823 
330.5 5.108 0.962 0.479 28.126 27.717 18.525 67.251 
340.5 5.251 1.030 0.342 29.902 26.271 18.572 66.622 
350.5 5.393 0.914 0.595 36.299 28.418 18.788 72.947 
360.5 5.536 0.956 0.502 39.277 35.576 24.806 88.407 
370.5 5.657 1.266 0.392 25.673 21.070 17.518 64.876 
375.5 5.709 1.063 0.534 28.225 24.253 16.405 68.849 
380.5 5.761 0.997 0.810 23.261 13.631 11.542 60.124 
390.5 5.865 1.011 0.427 24.123 23.982 15.982 65.052 
400.5 5.969 0.990 0.500 26.569 12.779 17.793 60.014 
410.5 6.073 0.963 0.635 32.161 29.833 19.974 78.099 
430.5 6.280 0.931 0.601 23.920 23.094 14.262 61.054 
440.5 6.384 1.275 0.285 16.764 14.377 13.300 51.959 
450.5 6.488 0.902 0.778 30.714 26.937 17.244 75.345 
455.5 6.540 0.941 0.559 27.468 20.469 18.880 73.505 
460.5 6.592 0.987 0.442 24.300 20.452 17.584 64.027 
470.5 6.696 1.002 0.765 25.905 23.383 17.299 68.667 
480.5 6.799 0.923 0.514 19.893 11.632 14.260 61.562 
490.5 6.903 0.975 0.990 28.653 27.177 21.140 84.033 
510.5 7.075 0.962 0.818 30.886 27.950 19.886 85.662 
520.5 7.156 0.949 0.861 27.423 30.519 20.230 75.072 
530.5 7.237 0.937 1.141 31.171 30.020 17.856 80.084 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
540.5 7.318 1.063 0.583 25.457 22.616 19.548 72.652 
550.5 7.398 1.338 0.824 28.340 24.523 19.726 70.859 
560.5 7.479 1.299 0.549 21.192 20.550 14.841 56.301 
570.5 7.560 0.985 0.823 27.832 28.870 20.177 82.495 
580.5 7.641 1.304 0.635 16.532 15.971 12.453 50.854 
590.5 7.721 0.897 1.093 31.388 41.586 23.900 96.160 
600.5 7.802 1.048 0.488 25.304 26.964 20.374 77.678 
610.5 7.883 0.970 0.497 28.006 38.405 25.662 111.726 
615.5 7.923 0.979 0.609 29.683 35.469 23.947 23.947 
620.5 7.964 1.069 0.508 23.352 33.759 16.139 65.880 
625.5 8.001 0.909 0.445 27.648 22.967 19.151 73.115 
630.5 8.011 1.034 0.902 28.554 36.348 21.161 90.485 
635.5 8.021 0.979 0.777 29.606 45.434 23.479 99.721 
640.5 8.032 1.030 0.566 31.731 42.941 19.210 93.058 
650.5 8.052 0.967 0.692 39.702 49.549 23.718 105.436 
660.5 8.073 0.961 0.670 17.624 18.136 21.243 73.986 
670.5 8.093 0.970 0.683 38.732 67.026 27.150 122.140 
680.5 8.114 0.833 0.460 21.317 22.389 15.407 67.922 
690.5 8.139 0.995 0.654 24.166 59.774 24.685 114.417 
700.5 8.257 1.337 0.300 23.139 52.308 15.127 80.744 
 
 
B 3 Biomarker concentrations in µg/g sediment determined on the sediment samples of 
Core BP00-07/7. 
Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
10.5 0.091 0.012 0.531 0.517 0.338 1.218 
20.5 0.177 0.005 0.135 0.105 0.096 0.310 
30.5 0.264 0.007 0.350 0.568 0.227 0.896 
40.5 0.746 0.003 0.127 0.212 0.079 0.323 
50.5 0.929 0.005 0.311 0.480 0.182 0.748 
60.5 1.113 0.004 0.109 0.075 0.063 0.262 
70.5 1.296 0.007 0.262 0.393 0.162 0.634 
80.5 1.479 0.003 0.139 0.198 0.089 0.347 
85.5 1.571 0.003 0.191 0.281 0.127 0.435 
90.5 1.663 0.004 0.286 0.378 0.206 0.844 
95.5 1.754 0.005 0.319 0.370 0.266 0.956 
100.5 1.846 0.004 0.147 0.103 0.119 0.422 
105.5 1.938 0.003 0.122 0.047 0.097 0.374 
110.5 2.029 0.006 0.240 0.297 0.155 0.569 
115.5 2.121 0.006 0.226 0.271 0.141 0.519 
120.5 2.213 0.002 0.105 0.123 0.077 0.282 
130.5 2.396 0.004 0.194 0.289 0.138 0.570 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
140.5 2.579 0.003 0.092 0.130 0.065 0.229 
145.5 2.671 0.002 0.092 0.152 0.072 0.276 
150.5 2.763 0.004 0.183 0.302 0.141 0.589 
155.5 2.851 0.005 0.240 0.263 0.206 0.649 
160.5 2.913 0.003 0.088 0.022 0.051 0.212 
170.5 3.036 0.003 0.242 0.350 0.178 0.769 
180.5 3.160 0.002 0.141 0.204 0.087 0.357 
190.5 3.283 0.004 0.252 0.327 0.167 0.707 
197.5 3.369 0.005 0.218 0.232 0.131 0.546 
201.5 3.419 0.002 0.132 0.135 0.088 0.328 
205.5 3.468 0.003 0.104 0.084 0.059 0.219 
210.5 3.530 0.003 0.264 0.273 0.158 0.670 
220.5 3.653 0.003 0.127 0.129 0.075 0.249 
230.5 3.776 0.005 0.265 0.297 0.168 0.666 
250.5 3.968 0.004 0.274 0.310 0.148 0.694 
260.5 4.111 0.004 0.253 0.218 0.156 0.593 
270.5 4.253 0.006 0.286 0.295 0.193 0.679 
280.5 4.396 0.002 0.334 0.270 0.205 0.732 
290.5 4.538 0.005 0.263 0.322 0.198 0.725 
300.5 4.681 0.003 0.208 0.138 0.138 0.524 
310.5 4.823 0.007 0.242 0.222 0.183 0.663 
320.5 4.966 0.004 0.272 0.330 0.152 0.534 
325.5 5.037 0.003 0.280 0.124 0.156 0.535 
330.5 5.108 0.005 0.271 0.267 0.178 0.647 
340.5 5.251 0.004 0.308 0.271 0.191 0.686 
350.5 5.393 0.005 0.332 0.260 0.172 0.667 
360.5 5.536 0.005 0.376 0.340 0.237 0.845 
370.5 5.657 0.005 0.325 0.267 0.222 0.822 
375.5 5.709 0.006 0.300 0.258 0.174 0.732 
380.5 5.761 0.008 0.232 0.136 0.115 0.600 
390.5 5.865 0.004 0.244 0.242 0.162 0.658 
400.5 5.969 0.005 0.263 0.126 0.176 0.594 
410.5 6.073 0.006 0.310 0.287 0.192 0.752 
430.5 6.280 0.006 0.223 0.215 0.133 0.568 
440.5 6.384 0.004 0.214 0.183 0.170 0.662 
450.5 6.488 0.007 0.277 0.243 0.156 0.680 
455.5 6.540 0.005 0.259 0.193 0.178 0.692 
460.5 6.592 0.004 0.240 0.202 0.174 0.632 
470.5 6.696 0.008 0.260 0.234 0.173 0.688 
480.5 6.799 0.005 0.184 0.107 0.132 0.568 
490.5 6.903 0.010 0.279 0.265 0.206 0.819 
510.5 7.075 0.008 0.297 0.269 0.191 0.824 
520.5 7.156 0.008 0.260 0.289 0.192 0.712 
530.5 7.237 0.011 0.292 0.281 0.167 0.751 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
540.5 7.318 0.006 0.271 0.241 0.208 0.773 
550.5 7.398 0.011 0.379 0.328 0.264 0.948 
560.5 7.479 0.007 0.275 0.267 0.193 0.731 
570.5 7.560 0.008 0.274 0.284 0.199 0.813 
580.5 7.641 0.008 0.216 0.208 0.162 0.663 
590.5 7.721 0.010 0.281 0.373 0.214 0.862 
600.5 7.802 0.005 0.265 0.283 0.214 0.814 
610.5 7.883 0.005 0.272 0.372 0.249 1.084 
615.5 7.923 0.006 0.290 0.347 0.234 0.234 
620.5 7.964 0.005 0.250 0.361 0.173 0.704 
625.5 8.001 0.004 0.251 0.209 0.174 0.664 
630.5 8.011 0.009 0.295 0.376 0.219 0.936 
635.5 8.021 0.008 0.290 0.445 0.230 0.976 
640.5 8.032 0.006 0.327 0.442 0.198 0.958 
650.5 8.052 0.007 0.384 0.479 0.229 1.019 
660.5 8.073 0.006 0.169 0.174 0.204 0.711 
670.5 8.093 0.007 0.376 0.650 0.263 1.185 
680.5 8.114 0.004 0.178 0.187 0.128 0.566 
690.5 8.139 0.007 0.240 0.595 0.246 1.138 
700.5 8.257 0.004 0.309 0.699 0.202 1.079 
 
 
 
B 4 Biomarker contents determined on BP00-07/7 in µg/g TOC versus depth. 
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6.5 Appendix C (Chapter 5) 
 
C 1 The applied linear age-depth relationship of the 14C AMS datings of Core BP99-04/5,7 
taken from Stein et al. (2003b), Simstich et al. (2004) and Fahl and Stein (2007). 
 
 
 
C 2 The applied linear age-depth relationship of the 14C AMS datings of Core BP00-36/4 
taken from Stein et al. (2003b), Simstich et al. (2004) and Fahl and Stein (2007). 
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C 3 TOC content and biomarker concentrations in µg/g TOC determined on the sediment 
samples of Core BP99-04/5. 
Depth 
Cal. 
Depth 
(cm) 
Age  
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol  
(µg/gTOC) 
5.5 -24.5 0.195 1.020 1.893 3.531 65.120 39.899 48.379 196.691 
10.5 -19.5 0.309 1.014 2.402 4.130 62.872 40.852 47.047 253.441 
15.5 -14.5 0.397 1.005 0.835 1.792 40.098 41.857 39.434 208.061 
20.5 -9.5 0.484 0.962 0.547 0.959 24.258 21.802 19.302 99.635 
25.5 -4.5 0.572 0.969 0.476 0.986 29.392 22.701 24.202 129.625 
 
C 4 Biomarker concentrations in µg/g sediment determined on the sediment samples of 
Core BP99-04/5. 
Depth 
Cal. Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
5.5 -24.5 0.195 0.019 0.036 0.665 0.407 0.494 2.007 
10.5 -19.5 0.309 0.024 0.042 0.638 0.414 0.477 2.570 
15.5 -14.5 0.397 0.008 0.018 0.403 0.421 0.396 2.091 
20.5 -9.5 0.484 0.005 0.009 0.233 0.210 0.186 0.959 
25.5 -4.5 0.572 0.005 0.010 0.285 0.220 0.234 1.256 
 
C 5 TOC content and biomarker concentrations in µg/g TOC determined on the sediment 
samples of Core BP99-04/7. 
Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
5.5 0.747 1.086 0.461 0.000 21.470 20.637 16.688 98.217 
10.5 0.835 0.930 0.397 0.651 27.261 36.886 23.209 142.439 
20.5 1.010 1.436 0.396 0.633 22.106 25.138 25.366 125.702 
30.5 1.182 1.154 0.252 0.060 15.852 13.380 12.314 71.165 
40.5 1.334 1.166 0.352 0.758 24.951 27.108 30.324 176.753 
60.5 1.608 1.029 0.345 0.473 25.511 10.448 22.532 126.322 
70.5 1.672 1.122 0.444 0.845 29.074 33.131 30.244 167.477 
80.5 1.735 1.447 0.255 0.575 24.426 24.312 24.581 135.697 
90.5 1.798 1.142 0.302 0.400 17.676 17.706 17.952 92.459 
100.5 1.862 1.383 0.208 0.559 22.519 28.361 21.974 111.533 
110.5 1.925 0.991 0.279 0.700 24.854 28.938 23.555 128.577 
115.5 1.957 0.905 0.230 0.356 17.719 1.024 12.934 68.120 
120.5 1.988 0.934 0.000 0.000 17.003 7.416 11.077 70.219 
130.5 2.224 0.868 0.291 0.505 17.220 16.700 21.219 115.385 
135.5 2.363 0.793 0.352 0.149 18.306 9.181 15.604 87.818 
140.5 2.503 0.762 0.328 0.102 17.740 15.196 16.301 90.927 
150.5 2.782 0.823 0.243 0.455 25.351 21.103 24.844 139.184 
160.5 3.061 0.844 0.315 0.598 26.580 20.882 21.403 115.944 
170.5 3.339 0.769 0.408 0.049 16.249 5.010 12.338 73.762 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
180.5 3.618 0.879 0.273 0.378 23.712 16.015 23.731 132.062 
190.5 3.897 0.856 0.290 0.466 18.375 11.872 13.225 74.943 
200.5 4.073 0.815 0.321 0.450 23.386 16.975 27.388 154.107 
210.5 4.243 0.783 0.227 0.222 26.926 24.007 27.459 165.695 
215.5 4.328 0.789 0.371 0.062 11.240 3.610 8.646 55.937 
220.5 4.413 0.754 0.369 0.478 15.859 11.072 14.809 79.949 
230.5 4.583 0.637 0.382 0.560 24.768 20.017 30.823 173.120 
235.5 4.668 0.751 0.392 0.000 17.097 16.953 18.354 109.137 
240.5 4.753 0.902 0.287 0.673 20.913 14.741 22.217 114.037 
245.5 4.838 0.754 0.318 0.000 21.419 2.962 20.662 122.699 
250.5 4.919 1.019 0.314 0.519 33.626 34.983 46.176 233.129 
255.5 4.999 1.383 0.364 0.384 15.795 13.153 15.641 76.941 
260.5 5.080 1.381 0.210 0.432 20.860 18.302 29.584 154.093 
270.5 5.240 0.735 0.282 0.452 20.371 15.331 22.196 124.739 
280.5 5.400 0.754 0.268 0.533 26.300 14.806 36.670 224.758 
290.5 5.561 0.766 0.427 0.000 20.010 25.129 25.129 25.129 
300.5 5.721 0.843 0.277 0.626 28.365 24.532 39.572 246.949 
310.5 5.881 0.816 0.328 0.243 18.383 11.592 21.935 129.603 
321.5 6.058 0.452 0.309 0.559 27.968 19.581 41.524 262.998 
328.5 6.170 0.911 0.342 0.927 23.387 13.562 28.804 166.573 
340.5 6.323 0.741 0.420 0.000 20.507 12.803 24.174 140.730 
350.5 6.449 0.834 0.213 0.000 23.878 27.308 41.030 253.719 
360.5 6.575 0.787 0.402 0.802 23.543 17.511 31.009 203.447 
370.5 6.701 0.782 0.542 0.000 23.847 16.736 37.268 227.073 
380.5 6.827 0.902 0.493 0.000 17.392 14.275 28.188 156.376 
390.5 6.953 0.774 0.256 0.000 31.392 26.480 49.431 268.785 
400.5 7.079 0.825 0.451 0.942 20.838 13.328 30.400 176.973 
410.5 7.205 0.875 0.338 0.000 28.773 30.934 52.434 299.893 
420.5 7.327 0.666 1.467 0.000 21.122 11.647 29.679 165.564 
430.5 7.367 0.735 0.274 0.000 25.437 19.599 54.847 340.792 
440.5 7.425 0.766 0.423 0.000 25.213 26.799 46.446 280.751 
450.5 7.487 0.740 0.401 0.000 27.489 28.143 46.719 270.530 
460.5 7.548 1.251 0.344 1.034 24.657 24.787 51.886 282.469 
473.5 7.628 0.682 0.551 0.000 40.180 31.455 74.383 390.431 
482.5 7.683 0.710 0.321 0.000 25.527 31.078 53.492 328.042 
490.5 7.732 0.943 0.379 0.000 31.889 22.401 57.531 355.083 
500.5 7.794 0.973 0.378 0.877 22.806 17.154 45.433 286.077 
510.5 7.855 0.769 0.381 0.000 42.572 27.301 68.795 401.183 
520.5 7.917 0.857 0.367 0.000 27.513 19.816 54.663 360.357 
530.5 7.979 0.873 0.258 1.017 29.075 26.439 65.717 385.524 
540.5 8.065 1.072 0.299 0.000 27.556 34.999 86.246 439.340 
545.5 8.107 0.814 0.323 0.061 28.560 12.088 55.359 393.246 
550.5 8.150 1.092 0.333 1.201 27.143 33.185 73.516 470.794 
560.5 8.235 0.951 0.261 0.000 33.542 40.371 59.195 320.240 
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Depth 
(cm) 
Age 
(ka) 
TOC 
(%) 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
572.5 8.338 1.104 0.694 1.331 27.933 38.239 56.905 367.872 
580.5 8.406 1.086 0.309 0.000 27.446 19.610 50.067 275.020 
585.5 8.448 1.068 0.271 0.000 19.316 32.747 51.078 327.473 
590.5 8.491 1.185 0.621 1.376 27.760 32.446 83.517 488.025 
600.5 8.576 1.144 0.291 0.000 31.894 33.862 65.778 308.044 
610.5 8.662 1.011 0.337 1.008 30.531 28.045 66.564 387.339 
620.5 8.747 1.252 0.226 0.000 23.859 23.503 49.639 259.456 
630.5 8.832 1.032 0.426 1.100 25.729 27.267 56.458 314.145 
640.5 8.872 1.033 0.249 0.000 30.632 19.064 51.900 328.547 
645.5 8.887 1.174 0.198 0.000 25.215 12.582 50.701 271.595 
650.5 8.903 1.100 0.273 1.206 26.908 20.154 61.031 354.448 
660.5 8.935 0.921 0.171 0.000 29.414 28.787 54.409 292.184 
670.5 8.966 1.088 0.229 1.145 23.626 18.807 57.595 358.811 
680.5 8.998 1.511 0.103 1.127 17.230 12.236 61.684 431.418 
690.5 9.029 1.093 0.150 0.000 38.095 21.068 112.880 484.282 
700.5 9.065 1.075 0.204 0.811 24.056 14.054 84.325 496.535 
710.5 9.195 1.648 0.071 0.000 22.654 8.092 57.488 294.594 
720.5 9.324 1.749 0.089 0.000 17.359 13.915 65.814 389.096 
730.5 9.454 1.620 0.039 0.000 23.830 9.957 53.448 256.372 
740.5 9.583 1.313 0.000 0.000 15.653 7.257 74.157 522.203 
745.5 9.648 1.137 0.000 0.000 18.811 7.048 64.363 371.016 
750.5 9.713 1.493 0.000 0.000 22.451 7.626 70.375 418.007 
760.5 9.842 1.132 0.000 0.000 17.288 5.444 76.180 572.818 
770.5 9.971 0.953 0.000 0.000 15.619 4.437 60.205 440.139 
780.5 10.101 0.746 0.030 0.801 12.427 5.921 77.388 648.576 
 
 
C 6 Biomarker concentrations in µg/g sediment determined on the sediment samples of 
Core BP99-04/7. 
Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
5.5 0.747 0.005 0.000 0.233 0.224 0.181 1.067 
10.5 0.835 0.004 0.006 0.253 0.343 0.216 1.324 
20.5 1.010 0.006 0.009 0.317 0.361 0.364 1.805 
30.5 1.182 0.003 0.001 0.183 0.154 0.142 0.821 
40.5 1.334 0.004 0.009 0.291 0.316 0.354 2.061 
60.5 1.608 0.004 0.005 0.263 0.108 0.232 1.300 
70.5 1.672 0.005 0.009 0.326 0.372 0.339 1.880 
80.5 1.735 0.004 0.008 0.354 0.352 0.356 1.964 
90.5 1.798 0.003 0.005 0.202 0.202 0.205 1.056 
100.5 1.862 0.003 0.008 0.311 0.392 0.304 1.542 
110.5 1.925 0.003 0.007 0.246 0.287 0.233 1.274 
115.5 1.957 0.002 0.003 0.160 0.009 0.117 0.616 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
120.5 1.988 0.000 0.000 0.159 0.069 0.103 0.656 
130.5 2.224 0.003 0.004 0.150 0.145 0.184 1.002 
135.5 2.363 0.003 0.001 0.145 0.073 0.124 0.697 
140.5 2.503 0.002 0.001 0.135 0.116 0.124 0.693 
150.5 2.782 0.002 0.004 0.209 0.174 0.204 1.145 
160.5 3.061 0.003 0.005 0.224 0.176 0.181 0.978 
170.5 3.339 0.003 0.000 0.125 0.039 0.095 0.567 
180.5 3.618 0.002 0.003 0.208 0.141 0.209 1.161 
190.5 3.897 0.002 0.004 0.157 0.102 0.113 0.642 
200.5 4.073 0.003 0.004 0.191 0.138 0.223 1.256 
210.5 4.243 0.002 0.002 0.211 0.188 0.215 1.297 
215.5 4.328 0.003 0.000 0.089 0.028 0.068 0.441 
220.5 4.413 0.003 0.004 0.120 0.083 0.112 0.603 
230.5 4.583 0.002 0.004 0.158 0.128 0.196 1.103 
235.5 4.668 0.003 0.000 0.128 0.127 0.138 0.820 
240.5 4.753 0.003 0.006 0.189 0.133 0.200 1.029 
245.5 4.838 0.002 0.000 0.162 0.022 0.156 0.926 
250.5 4.919 0.003 0.005 0.343 0.356 0.470 2.375 
255.5 4.999 0.005 0.005 0.219 0.182 0.216 1.064 
260.5 5.080 0.003 0.006 0.288 0.253 0.409 2.128 
270.5 5.240 0.002 0.003 0.150 0.113 0.163 0.917 
280.5 5.400 0.002 0.004 0.198 0.112 0.277 1.695 
290.5 5.561 0.003 0.000 0.153 0.192 0.192 0.192 
300.5 5.721 0.002 0.005 0.239 0.207 0.334 2.082 
310.5 5.881 0.003 0.002 0.150 0.095 0.179 1.057 
321.5 6.058 0.001 0.003 0.126 0.088 0.188 1.189 
328.5 6.170 0.003 0.008 0.213 0.124 0.262 1.517 
340.5 6.323 0.003 0.000 0.152 0.095 0.179 1.043 
350.5 6.449 0.002 0.000 0.199 0.228 0.342 2.115 
360.5 6.575 0.003 0.006 0.185 0.138 0.244 1.602 
370.5 6.701 0.004 0.000 0.186 0.131 0.291 1.776 
380.5 6.827 0.004 0.000 0.157 0.129 0.254 1.410 
390.5 6.953 0.002 0.000 0.243 0.205 0.383 2.081 
400.5 7.079 0.004 0.008 0.172 0.110 0.251 1.460 
410.5 7.205 0.003 0.000 0.252 0.271 0.459 2.625 
420.5 7.327 0.010 0.000 0.141 0.078 0.198 1.102 
430.5 7.367 0.002 0.000 0.187 0.144 0.403 2.505 
440.5 7.425 0.003 0.000 0.193 0.205 0.356 2.151 
450.5 7.487 0.003 0.000 0.203 0.208 0.346 2.002 
460.5 7.548 0.004 0.013 0.308 0.310 0.649 3.534 
473.5 7.628 0.004 0.000 0.274 0.214 0.507 2.662 
482.5 7.683 0.002 0.000 0.181 0.221 0.380 2.329 
490.5 7.732 0.004 0.000 0.301 0.211 0.543 3.349 
500.5 7.794 0.004 0.009 0.222 0.167 0.442 2.784 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
510.5 7.855 0.003 0.000 0.327 0.210 0.529 3.086 
520.5 7.917 0.003 0.000 0.236 0.170 0.468 3.087 
530.5 7.979 0.002 0.009 0.254 0.231 0.574 3.368 
540.5 8.065 0.003 0.000 0.295 0.375 0.925 4.710 
545.5 8.107 0.003 0.000 0.232 0.098 0.450 3.200 
550.5 8.150 0.004 0.013 0.296 0.362 0.803 5.142 
560.5 8.235 0.002 0.000 0.319 0.384 0.563 3.047 
572.5 8.338 0.008 0.015 0.308 0.422 0.628 4.061 
580.5 8.406 0.003 0.000 0.298 0.213 0.544 2.986 
585.5 8.448 0.003 0.000 0.206 0.350 0.546 3.499 
590.5 8.491 0.007 0.016 0.329 0.385 0.990 5.783 
600.5 8.576 0.003 0.000 0.365 0.387 0.752 3.523 
610.5 8.662 0.003 0.010 0.309 0.283 0.673 3.914 
620.5 8.747 0.003 0.000 0.299 0.294 0.621 3.248 
630.5 8.832 0.004 0.011 0.266 0.281 0.583 3.242 
640.5 8.872 0.003 0.000 0.316 0.197 0.536 3.394 
645.5 8.887 0.002 0.000 0.296 0.148 0.595 3.190 
650.5 8.903 0.003 0.013 0.296 0.222 0.671 3.899 
660.5 8.935 0.002 0.000 0.271 0.265 0.501 2.691 
670.5 8.966 0.002 0.012 0.257 0.205 0.626 3.902 
680.5 8.998 0.002 0.017 0.260 0.185 0.932 6.517 
690.5 9.029 0.002 0.000 0.416 0.230 1.234 5.295 
700.5 9.065 0.002 0.009 0.258 0.151 0.906 5.336 
710.5 9.195 0.001 0.000 0.373 0.133 0.947 4.854 
720.5 9.324 0.002 0.000 0.304 0.243 1.151 6.805 
730.5 9.454 0.001 0.000 0.386 0.161 0.866 4.153 
740.5 9.583 0.000 0.000 0.206 0.095 0.974 6.858 
745.5 9.648 0.000 0.000 0.214 0.080 0.732 4.219 
750.5 9.713 0.000 0.000 0.335 0.114 1.051 6.240 
760.5 9.842 0.000 0.000 0.196 0.062 0.862 6.484 
770.5 9.971 0.000 0.000 0.149 0.042 0.574 4.194 
780.5 10.101 0.000 0.006 0.093 0.044 0.578 4.841 
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C 7 Biomarker contents determined on BP99-04/5,7 in µg/g TOC versus depth. 
 
 
 
 
C 8 TOC content biomarker concentrations in µg/g TOC determined on the sediment 
samples of Core BP00-36/4. 
Depth 
(cm) 
Age 
(ka) 
TOC 
% 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
10 1.207 0.688 2.031 0.691 6.126 8.768 3.029 10.728 
20 2.413 0.638 1.528 0.335 5.342 7.234 2.449 9.382 
30 3.62 0.757 1.435 0.000 5.548 7.972 2.876 15.736 
40 4.826 0.727 1.177 0.000 6.806 7.277 4.645 14.805 
50 6.033 0.670 0.955 0.162 5.756 8.898 2.884 16.801 
60 7.239 0.752 0.925 0.000 4.930 5.540 3.207 15.129 
70 8.446 0.705 1.144 0.087 4.791 6.811 3.756 23.961 
80 8.522 0.742 0.874 0.622 5.869 9.897 5.048 34.434 
90 8.599 0.832 0.704 1.101 4.967 8.388 3.834 26.939 
100 8.675 0.835 0.706 0.208 5.220 8.494 4.583 32.566 
110 8.752 0.846 0.624 0.396 5.332 7.683 4.411 27.129 
120 8.828 0.949 0.636 0.981 3.089 7.224 4.406 33.401 
130 8.905 1.035 0.646 0.841 4.529 5.726 4.693 30.232 
150 9.101 0.674 0.687 0.690 0.000 7.926 4.784 35.479 
160 9.25 0.803 0.544 0.745 2.401 5.896 3.941 33.393 
170 9.398 0.735 0.619 1.079 2.394 5.263 3.659 32.554 
180 9.547 0.666 0.557 0.369 0.000 3.903 1.228 37.971 
190 9.695 0.707 0.549 0.731 4.981 8.742 6.158 48.702 
200 9.725 0.595 0.583 0.863 5.009 6.950 6.531 52.023 
210 9.754 0.617 0.597 1.070 2.316 7.414 4.513 46.885 
220 9.784 0.692 0.579 1.125 2.384 4.904 2.841 36.090 
230 9.814 0.718 0.875 1.342 1.523 7.765 4.635 34.213 
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Depth 
(cm) 
Age 
(ka) 
TOC 
% 
IP25 
(µg/gTOC) 
HBI-diene 
(µg/gTOC) 
Brassicasterol 
(µg/gTOC) 
Dinosterol 
(µg/gTOC) 
Campesterol 
(µg/gTOC) 
ß-Sitosterol 
(µg/gTOC) 
240 9.843 0.820 0.658 0.519 1.878 5.743 4.143 31.015 
250 9.873 0.801 0.668 0.693 2.569 6.773 4.205 38.557 
260 9.903 0.696 0.678 0.936 0.000 5.998 5.129 46.492 
270 9.932 0.908 0.000 0.000 0.507 4.078 4.534 40.340 
280 9.962 0.884 0.483 0.543 0.000 5.573 5.727 45.222 
290 9.991 0.860 0.549 0.057 0.000 5.142 4.304 38.550 
300 10.021 0.941 0.555 0.000 0.000 4.476 4.326 41.513 
310 10.051 0.717 0.576 0.000 0.000 6.000 4.312 37.126 
320 10.08 0.864 0.727 present 0.000 6.230 5.051 43.709 
330 10.11 1.004 0.541 0.094 0.000 7.630 4.703 38.670 
350 10.329 0.749 0.460 0.000 0.000 4.417 3.919 36.308 
360 10.438 0.661 0.361 0.061 0.000 5.270 3.910 36.125 
370 10.548 0.569 0.352 0.136 0.000 6.372 5.136 57.257 
380 10.657 0.798 0.280 0.097 0.000 5.061 6.214 53.597 
390 10.767 0.652 0.298 0.000 0.000 5.101 5.891 67.295 
400 10.876 0.820 0.427 0.417 0.000 5.075 5.732 60.781 
410 10.971 0.654 0.376 0.501 0.000 4.087 6.007 61.097 
420 10.986 0.706 0.521 0.673 0.000 5.115 2.337 62.474 
430 11.001 0.741 0.326 0.443 0.000 3.991 1.358 62.445 
440 11.015 0.721 0.502 1.020 0.000 6.099 1.339 58.111 
450 11.03 0.716 0.441 0.399 0.000 4.778 4.826 63.770 
460 11.045 0.700 0.508 0.481 0.000 4.947 4.022 57.835 
470 11.06 0.816 0.406 0.299 0.000 4.076 1.519 54.840 
480 11.074 0.744 0.470 0.199 0.000 5.462 4.327 64.855 
490 11.089 0.746 0.517 0.346 0.000 6.063 5.288 87.351 
500 11.104 0.952 0.425 0.172 0.000 4.341 2.997 57.691 
510 11.139 0.820 0.478 0.237 0.000 5.777 1.079 80.589 
520 11.357 0.853 0.656 0.650 0.000 5.110 2.186 58.318 
530 11.576 0.923 0.591 0.349 0.000 4.825 3.940 48.124 
540 11.794 0.904 0.353 0.416 0.000 1.877 2.530 27.626 
550 12.012 0.860 0.320 0.286 0.000 0.835 5.440 62.693 
560 12.231 0.808 0.507 0.549 0.000 4.218 5.072 55.852 
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C 9 Biomarker concentrations in µg/g sediment determined on the sediment samples of 
Core BP00-36/4. 
Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
10 1.207 0.0140 0.0048 0.0421 0.0603 0.0208 0.0738 
20 2.413 0.0097 0.0021 0.0341 0.0462 0.0156 0.0599 
30 3.62 0.0109 0.0000 0.0420 0.0603 0.0218 0.1191 
40 4.826 0.0086 0.0000 0.0495 0.0529 0.0337 0.1076 
50 6.033 0.0064 0.0011 0.0385 0.0596 0.0193 0.1125 
60 7.239 0.0070 0.0000 0.0371 0.0417 0.0241 0.1138 
70 8.446 0.0081 0.0006 0.0338 0.0480 0.0265 0.1688 
80 8.522 0.0065 0.0046 0.0436 0.0735 0.0375 0.2557 
90 8.599 0.0059 0.0092 0.0413 0.0698 0.0319 0.2242 
100 8.675 0.0059 0.0017 0.0436 0.0709 0.0383 0.2719 
110 8.752 0.0053 0.0034 0.0451 0.0650 0.0373 0.2296 
120 8.828 0.0060 0.0093 0.0293 0.0686 0.0418 0.3171 
130 8.905 0.0067 0.0087 0.0469 0.0593 0.0486 0.3129 
140 8.981 
   
 
  
150 9.101 0.0046 0.0047 0.0000 0.0534 0.0323 0.2392 
160 9.25 0.0044 0.0060 0.0193 0.0474 0.0317 0.2683 
170 9.398 0.0046 0.0079 0.0176 0.0387 0.0269 0.2393 
180 9.547 0.0037 0.0025 0.0000 0.0260 0.0082 0.2527 
190 9.695 0.0039 0.0052 0.0352 0.0618 0.0436 0.3445 
200 9.725 0.0035 0.0051 0.0298 0.0414 0.0389 0.3095 
210 9.754 0.0037 0.0066 0.0143 0.0458 0.0279 0.2895 
220 9.784 0.0040 0.0078 0.0165 0.0339 0.0197 0.2496 
230 9.814 0.0063 0.0096 0.0109 0.0557 0.0333 0.2455 
240 9.843 0.0054 0.0043 0.0154 0.0471 0.0340 0.2543 
250 9.873 0.0054 0.0056 0.0206 0.0543 0.0337 0.3090 
260 9.903 0.0047 0.0065 0.0000 0.0418 0.0357 0.3237 
270 9.932 0.0000 0.0000 0.0046 0.0370 0.0412 0.3661 
280 9.962 0.0043 0.0048 0.0000 0.0493 0.0506 0.3999 
290 9.991 0.0047 0.0005 0.0000 0.0442 0.0370 0.3315 
300 10.021 0.0052 0.0000 0.0000 0.0421 0.0407 0.3907 
310 10.051 0.0041 0.0000 0.0000 0.0430 0.0309 0.2661 
320 10.08 0.0063 present 0.0000 0.0538 0.0436 0.3776 
330 10.11 0.0054 0.0009 0.0000 0.0766 0.0472 0.3883 
350 10.329 0.0034 0.0000 0.0000 0.0331 0.0293 0.2718 
360 10.438 0.0024 0.0004 0.0000 0.0349 0.0259 0.2389 
370 10.548 0.0020 0.0008 0.0000 0.0362 0.0292 0.3257 
380 10.657 0.0022 0.0008 0.0000 0.0404 0.0496 0.4280 
390 10.767 0.0019 0.0000 0.0000 0.0333 0.0384 0.4390 
400 10.876 0.0035 0.0034 0.0000 0.0416 0.0470 0.4982 
410 10.971 0.0025 0.0033 0.0000 0.0267 0.0393 0.3998 
420 10.986 0.0037 0.0047 0.0000 0.0361 0.0165 0.4410 
430 11.001 0.0024 0.0033 0.0000 0.0296 0.0101 0.4628 
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Depth 
(cm) 
Age 
(ka) 
IP25 
(µg/gSed) 
HBI-diene 
(µg/gSed) 
Brassicasterol 
(µg/gSed) 
Dinosterol 
(µg/gSed) 
Campesterol 
(µg/gSed) 
ß-Sitosterol 
(µg/gSed) 
440 11.015 0.0036 0.0073 0.0000 0.0439 0.0096 0.4187 
450 11.03 0.0032 0.0029 0.0000 0.0342 0.0346 0.4565 
460 11.045 0.0036 0.0034 0.0000 0.0346 0.0282 0.4048 
470 11.06 0.0033 0.0024 0.0000 0.0333 0.0124 0.4474 
480 11.074 0.0035 0.0015 0.0000 0.0406 0.0322 0.4823 
490 11.089 0.0039 0.0026 0.0000 0.0452 0.0395 0.6518 
500 11.104 0.0040 0.0016 0.0000 0.0413 0.0285 0.5494 
510 11.139 0.0039 0.0019 0.0000 0.0474 0.0088 0.6608 
520 11.357 0.0056 0.0055 0.0000 0.0436 0.0186 0.4974 
530 11.576 0.0055 0.0032 0.0000 0.0445 0.0364 0.4443 
540 11.794 0.0032 0.0038 0.0000 0.0170 0.0229 0.2498 
550 12.012 0.0028 0.0025 0.0000 0.0072 0.0468 0.5393 
560 12.231 0.0047 0.0051 0.0000 0.0390 0.0469 0.5164 
 
 
 
 
C 10 Biomarker contents determined on BP00-36/4 in µg/g TOC versus depth. 
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    161 
C 11 Comparison of IP25 and the PIP25 index (this thesis) and assemblages of the sea ice 
diatoms (taken from Polyakova and Stein, 2004) versus age, both investigated on the same 
depths samples of Core BP99-04/7. 
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C 12 Comparison of brassicasterol and dinosterol (this thesis) and assemblages of marine 
diatoms (taken from Polyakova and Stein, 2004) versus age, both investigated on the same 
depths samples of Core BP99-04/7. 
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    163 
C 13 Comparison of "-sitosterol and campesterol (this thesis) and assemblages of 
freshwater diatoms (taken from Polyakova and Stein, 2004) versus age, both investigated 
on the same depths samples of Core BP99-04/7. 
 
 
